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Abstract 
Field mapping, petrography, thermodynamic modelling, and U-Pb (monazite and zircon) 
and 40Ar/39Ar geochronology reveal the tectonometamorphic history of polydeformed, 
amphibolite-facies rocks near Aishihik Lake, Yukon. Detrital zircon U-Pb ages suggest 
that these rocks are correlative to the Snowcap assemblage of the Yukon Tanana terrane. 
A penetrative regional foliation (S1) developed during the late Paleozoic, as S1 is cross-
cut by a late Permian pluton. Permian plutons also exhibit less strain than Mississippian 
plutons near Aishihik Lake. The main foliation (S2) reflects west-verging, ductile shear (D2) 
during amphibolite facies metamorphism. Dating of Low-Y metamorphic monazite 
constrains the timing of D2 to 200-190 Ma. Peak T and P during D2 were 640-650 °C and 
~7 kbar, respectively. High-Y monazite ages date regional decompression at ca. 188 Ma. 
40Ar/39Ar thermochronology results indicate regional cooling through muscovite closure at 
ca. 175 Ma, whereas ca. 126 Ma biotite may reflect cooling following east-verging Jura-
Cretaceous deformation (D3). 
Keywords:  Yukon-Tanana terrane; monazite geochronology; Canadian Cordillera; 
garnet isopleth thermobarometry; petrochronology 
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Chapter 1.  
 
Introduction, research objectives and tectonic 
framework 
A note on the layout of this thesis 
This thesis is presented as four chapters. Chapter 1 introduces the problem and 
research objectives, followed by a brief description of the tectonic history of southwest 
Yukon. Chapters 2 and 3 are written as standalone chapters, intended for publication. 
Chapter 2 describes the regional and structural geology in the Aishihik Lake region, 
whereas Chapter 3 details constraints on the timing and conditions of deformation and 
metamorphism in the Aishihik Lake region, and presents a tectonic model for the region 
during the Late Triassic – Early Jurassic. Chapter 4 summarises the key results of the 
thesis and outlines opportunities for future work.  
1.1. Introduction 
The Canadian Cordillera has developed as the result of ongoing convergent 
margin tectonism since the Devonian (Coney et al., 1980; Monger et al., 1982; Nelson et 
al., 2013; Nelson et al., 2006; Piercey et al., 2006). Studies of this long-lived and extensive 
orogen have advanced our knowledge of convergent-margin crustal growth, and aided in 
the geological interpretation of the wider American Cordillera and other accretionary 
orogens globally (e.g. Dickinson, 2004; Pavlis et al., 1993; Samson and Patchett, 1991). 
More recently, the application of increasingly advanced geochronological and petrological 
techniques to penetratively tectonised rocks in western Canada has led to significant 
breakthroughs in our understanding of the northern Canadian Cordillera, and mid-crustal 
convergent-margin processes in general (e.g., Berman et al., 2007; Carr, 1991; Colpron 
et al., 1998; Crowley and Parrish, 1999; Gibson et al., 2008; Parrish, 1995; Staples et al., 
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2014). Most of these data have been collected from deeply-exhumed rocks in British 
Columbia; however, large tracts of similar rocks in Yukon remained relatively 
underexplored. This does not reflect a lack of suitable rocks in Yukon, as the territory 
contains abundant exposures of penetratively deformed and metamorphosed Cordilleran 
rocks (Colpron et al., 2016b). Furthermore, the few detailed studies of mid-crustal rocks 
in Yukon indicate that discrete tectonic episodes occurred over a long time period, from 
the Permian to the Cretaceous (Berman et al., 2007; Staples et al., 2013). Therefore, 
unravelling a more complete tectonic history of these rocks will improve our understanding 
of the Cordillera’s development, and mid-crustal convergent margin processes in general.  
Most studies interpret the majority of mid-crustal rocks now exposed in Yukon to 
comprise the basement of the Yukon Tanana terrane (see Figure 1.1) – a rifted 
Neoproterozoic to Devonian fragment of the Laurentian margin that was re-accreted to the 
continent during the Permian or Jurassic (Beranek and Mortensen, 2011; Berman et al., 
2007; Colpron et al., 2006b; Mortensen, 1992). Other mid-crustal rocks in Yukon are 
interpreted as a para-autochthonous Laurentian margin assemblage that underlies the 
allochthonous Yukon Tanana terrane, and extends into Alaska to the west (Colpron et al., 
2006b; Dusel-Bacon et al., 2002; Nelson et al., 2013; Staples et al., 2016; Staples et al., 
2013). Although these interpretations are locally supported by detailed provenance 
studies, they rely largely on lithological, structural and metamorphic characteristics 
recorded during regional mapping (e.g. Colpron et al., 2006a; Murphy et al., 2006; Murphy 
et al., 2007b; Tempelman-Kluit, 1976). More detailed analyses are required to effectively 
characterise the protolith of high-grade rocks in Yukon if the tectonometamorphic history 
of mid-crustal rocks are to be properly placed in a regional context. 
 Although most mid-crustal rocks in Yukon are interpreted to belong to deeply 
exhumed parts of the Yukon Tanana terrane’s basement, deformation and metamorphism 
within the terrane were strongly diachronous (e.g. Berman et al., 2007; Colpron et al., 
2006b; Staples et al., 2016). Northern and eastern regions of the terrane (See Figure 1.1) 
were buried and metamorphosed during the late Permian (Berman et al., 2007; Staples, 
2014). In contrast, northern and western parts of the terrane record Late Triassic – Early 
Jurassic deformation, although a robust understanding of this event is hampered by a lack 
of regional data (Berman et al., 2007; Johnston and Erdmer, 1995a; Tafti and Mortensen, 
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2003). Regional Early Jurassic exhumation is well documented by extensive mica and 
hornblende cooling dates, detrital zircon data and pluton petrology (Colpron et al., 2015; 
Hansen et al., 1991; Johnston et al., 1996; Knight et al., 2013). Eastern regions of Yukon 
Tanana terrane record the development of a Jura-Cretaceous, eastward-younging, 
foreland-propagating, crustal wedge that buried low-grade, upper-crustal rocks to mid-
crustal conditions (Staples et al., 2016).  
While the studies mentioned above provide significant insights into the tectonic 
history of large parts of the Yukon Tanana terrane, many aspects of the terrane’s mid-
crustal deformation remain uncertain. For example, there have been relatively few 
investigations into the tectonometamorphic development of the northwestern region of the 
terrane, and none of these studies used modern geochronological and petrological 
techniques (e.g. Johnston and Erdmer, 1995a; Tafti and Mortensen, 2003). Furthermore, 
there is evidence that parts of the terrane have experienced multiple episodes of burial to, 
and exhumation from, mid-crustal conditions, which further complicates any effort to 
characterise the complete tectonometamorphic history of a given sample (Berman et al., 
2007). Therefore, there is considerable uncertainty regarding the tectonometamorphic 
history of the Yukon Tanana terrane. 
Mid-crustal rocks of western Yukon Tanana terrane underlie much of southwest 
Yukon (Figure 1.1). However, this region has been the focus of relatively few detailed 
investigations (e.g. Johnston, 1993; Nelson et al., 2006; Tempelman-Kluit, 1974). As a 
result, there are relatively few constraints on the timing of deformation and metamorphism 
in mid-crustal rocks that are widely exposed throughout the region. Although several 
studies provide information on the region’s geology and tectonometamorphic history, the 
timing of burial and penetrative deformation remains relatively unconstrained (Israel et al., 
2011; Johnston and Erdmer, 1995a; Johnston et al., 1996). Mid-crustal rocks in the 
Aishihik Lake region are, therefore, good candidates for the application of modern 
geochronological and petrological techniques. Supported by detailed mapping and 
microstructural analysis, data obtained will significantly improve our understanding of the 
tectonometamorphic history in this region of the Yukon Tanana terrane, and the tectonic 
development of the northern Cordillera in general, including Alaska, Yukon and northern 
British Columbia.  
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1.2. Research objectives  
This study attempts to document the tectonometamorphic history of rocks in the 
Aishihik Lake region, thereby providing a more robust understanding of the tectonic 
development of the northern Canadian Cordillera. Detailed objectives are as follows:   
1) Characterise the regional distribution of mid-crustal lithologies in the Aishihik 
Lake region, and better understand their protoliths.  
2) Determine the distribution, structural style and timing of deformation events 
that have affected mid-crustal rocks in the Aishihik Lake region.  
3) Characterise the metamorphic assemblage(s) in the Aishihik Lake region, 
determine when they formed, and integrate this information into the 
deformation history. 
4) Develop a tectonic evolution model for the Aishihik Lake region that 
incorporates lithological, structural and metamorphic data, and that places the 
region’s tectonic history in context with the rest of Yukon Tanana terrane and 
the northern Canadian Cordillera and western Alaska.  
Characterisation of lithologies and their protoliths is achieved via detailed field 
mapping in key locations near Aishihik Lake, complimented by detrital and igneous zircon 
geochronology data. Deformation, and timing of deformation, is constrained by 
characterising structures using mapping and structural measurements, microstructural 
analysis, 40Ar/39Ar geochronology of mica separates, and in-situ monazite geochronology 
using Sensitive High-Resolution Ion Microprobe (SHRIMP). The metamorphic history is 
constrained using field and petrographic observations, combined with isochemical phase 
diagram (pseudosection) modelling and garnet isopleth thermobarometry. Timing 
constraints on metamorphism are provided by in-situ analysis of metamorphic monazite 
using SHRIMP.   
1.3. Regional tectonic framework 
Southern Yukon is underlain by three major tectonic entities (Figure 1.1): the 
Precambrian craton of ancestral North America and its para-autochthonous Proterozoic 
margin sediments in the northeast; the Intermontane terranes (Monger et al., 1982), which 
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lie southwest of the craton and are allochthonous above it; and the Insular terranes of 
Wrangellia and Alexander, to the southwest. Geological boundaries and structural trends 
within all three tectonic blocks trend regionally northwest-southeast, reflecting their multi-
stage amalgamation during Permian to Late Cretaceous orogenesis. Since the Late 
Cretaceous, the Tintina and Denali faults (Figure 1.1) have accommodated approximately 
430 and 400 km of dextral displacement, respectively (Gabrielse et al., 2006; Lowey, 
1998). Restoring this displacement largely restores the Late Cretaceous paleogeographic 
configuration between the Laurentian craton and the Intermontane and Insular terranes, 
during which time the final major stages of collisional orogenesis occurred in Yukon 
(Berman et al., 2007; Israel et al., 2011; Staples et al., 2016). 
Rocks of ancestral North America in Yukon are comprised of Proterozoic 
basement overlain by Neoproterozoic to Cambrian rift-related strata deposited during the 
opening of the Panthalassic ocean following the breakup of Rhodinia (Lund et al., 2003; 
Scotese, 2002). These strata were in turn overlain by passive margin sediments of the 
Selwyn basin until the early Paleozoic (Gordey and Anderson, 1993). Following the onset 
of subduction along the western margin of Laurentia in the Devonian, intrusions were 
emplaced within attenuated cratonic basement and overlying strata (Nelson et al., 2006; 
Piercey et al., 2006).  
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Figure 1.1:  Terrane map of Yukon, Southeast Alaska and Northern British 
Columbia after Colpron and Nelson (2011). Black box indicates the 
location of the study area – the Aishihik Lake region. 
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The composite Intermontane terrane comprises multiple smaller terranes, 
including Yukon-Tanana, Slide Mountain, Stikine, Quesnel and Cache Creek (Figure 1.1). 
These terranes developed within the peri-Laurentian realm, in a similar tectonic setting to 
that observed in the western Pacific Ocean today, during multiple stages of arc-related 
activity during the Devonian to the Middle Jurassic (Nelson et al., 2013). The Yukon 
Tanana terrane is the oldest of the Intermontane terranes, and is characterised by a 
strongly deformed basement (the Snowcap assemblage) which has been correlated with 
Neoproterozoic and Paleozoic Laurentian margin sediments (Colpron et al., 2006b). The 
Snowcap assemblage was overlain and intruded by a sequence of Devonian to Permian 
magmatic arcs, which include the Devono-Mississippian Finlayson assemblage and the 
Permian Klondike assemblage (Colpron et al., 2006b; Mortensen, 1992). During the 
Devonian to early Permian, retreat of the subduction zone off the western margin of North 
America led to the opening of a back-arc ocean basin that accompanied the rifting of 
Yukon Tanana terrane away from the North American craton (Nelson et al., 2006 and 
references therein). This interpretation is supported by paleomagnetic, faunal and arc 
chemistry data, intense Devonian-Mississippian arc magmatism in Yukon Tanana terrane 
not found in autochthonous Laurentian rocks, and the remnants of ocean basin 
assemblages (Slide Mountain terrane) situated between Yukon Tanana terrane and 
ancestral North America (Nelson et al., 2006; Richards et al., 1993). By the mid to late 
Permian, Yukon Tanana terrane had begun to re-accrete to the Laurentian margin, 
following the subduction of Slide Mountain ocean beneath Yukon Tanana terrane to the 
west (Beranek and Mortensen, 2011). At this time, parts of Yukon Tanana terrane were 
tectonically buried to mid-crustal conditions either during collision of the terrane with 
Laurentia (Beranek and Mortensen, 2011), or intra-arc thickening outboard of the 
continent (Berman et al., 2007). 
Re-establishment of east-dipping subduction of Panthalassa in the Triassic led to 
the Late Triassic to Early Jurassic formation and deposition of arc-related intrusive and 
volcano-sedimentary rocks that characterise Stikinia and Quesnellia (Nelson et al., 2013). 
These terranes are thought to have formed a single arc complex during the Late Triassic, 
extending along the margin of Laurentia, with Stikinina to the North and Quesnellia to the 
south (e.g. Mihalynuk et al., 1994; Nelson et al., 2013). The Yukon Tanana terrane is 
thought to have formed part of the basement to this burgeoning arc, while the Cache Creek 
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accretionary complex developed outboard to the west (Colpron et al., 2007; Mihalynuk et 
al., 1994). This configuration would have allowed Cache Creek to accumulate its 
characteristic crustal fragments that contain fossils of Tethyan affinity (Monger and Ross, 
1971). 
The current configuration of the Cordillera features exotic fragments of the Cache 
Creek accretionary complex enclosed by the peri-Laurentian arc terranes of Stikinia to the 
west and Quesnellia to the east, which are in turn enclosed by the peri-Laurentian Yukon 
Tanana terrane (Figure 1.1). At present, the model that appears to best explain this 
peculiar arrangement involves Latest Triassic to Early Jurassic oroclinal bending of the 
extended arc complex via counter-clockwise rotation of Stikinia and western Yukon 
Tanana terranes, which led to entrapment of the Cache Creek terrane (Mihalynuk et al., 
1994). Alternative models have been proposed, although the oroclinal bend model 
remains dominant in the literature (e.g. Colpron et al., 2015; Johnston, 2001; Logan and 
Mihalynuk, 2014; Nelson et al., 2013). An initial bend in the Triassic arc complex, hinged 
within the present-day northernmost parts of Yukon Tanana terrane, may have developed 
as large crustal fragments (e.g. Cache Creek, Kutcho arc complex) were ferried in to the 
subduction system, in a manner similar to the present day Emperor Seamount chain. 
Continued westward movement of the Laurentian craton (Monger et al., 1982) could have 
facilitated the final oroclinal entrapment of Cache Creek prior to the Middle Jurassic 
(Colpron et al., 2015; Cordey et al., 1987).  
In southwest Yukon, there is evidence for a significant shift in tectonic setting 
during the Late Triassic to Early Jurassic. Aluminium in hornblende barometry and 
structural analysis of Late Triassic plutons of the Minto suite indicate that these plutons 
were emplaced at mid-crustal depths (Hood, 2012; Tafti and Mortensen, 2003; Topham, 
2015). In contrast, Early Jurassic plutons of the nearby Long Lake suite locally contain 
near-surface emplacement textures such as miarolitic cavities, and aluminium in 
hornblende data indicate that significantly shallower emplacement pressures than older 
plutons (3-4 kilobars; Topham, 2015). These data require rapid and extensive exhumation 
during the Early Jurassic (e.g. Johnston and Erdmer, 1995a). The regional significance of 
this exhumation event is indicated by widespread Early Jurassic mica cooling ages, and 
an Early Jurassic detachment fault to the north (Joyce et al., 2015; Knight et al., 2013). 
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Exhumation is also recorded in a foreland basin, the Whitehorse Trough, which received 
detritus from surrounding orogenic infrastructure in the Early Jurassic (Colpron et al., 
2015).  
By the Early to Middle Jurassic, the Paleozoic Insular terranes of Alexander and 
Wrangellia were beginning to impinge on the western margin of the Intermontane terranes 
(Colpron and Nelson, 2009; Gehrels, 2001). In southeast Alaska, the Yukon Tanana 
terrane was structurally emplaced above the Alexander terrane after 162 Ma (Saleeby, 
2000). In southwest Yukon, Late Jurassic to Early Cretaceous turbidites, sourced from the 
Insular terranes to the west, were deposited in the Dezadeash basin, which presumably 
persisted between the Intermontane and Insular terranes (Eisbacher, 1976). The 
Dezadeash assemblage crops out to the west of the Cretaceous Kluane Schist, which 
probably developed as a foreland basin to the uplifted Yukon Tanana terrane to the east 
(Israel et al., 2011; Mezger et al., 2001). These observations suggest that the accretion of 
the Insular terranes was not straightforward (e.g. McClelland et al., 1992) and most likely 
strongly diachronous.  
Eastern Yukon Tanana terrane records deformation from Middle Jurassic to middle 
Cretaceous time, accommodated by mid-crustal shearing and the development of an 
eastwards-younging orogenic wedge (Staples et al., 2016). In southwest Yukon, west-
verging deformation affected the Whitehorse Trough, Yukon Tanana terrane and Kluane 
schist, probably during Middle Jurassic, Late Jurassic-Early Creatceous, and Late 
Cretaceous time, respectively (Israel et al., 2011; Johnston, 1993; White et al., 2012). In 
British Columbia, Early Jurassic to Late Cretaceous crustal thickening of the accreted 
Intermontane terranes was widespread, leading to the development of a doubly verging 
orogen which incorporated parts of the North American supracrustal and basement rocks  
(Brown and Gibson, 2006; Evenchick et al., 2007; Gibson et al., 2005; Gibson et al., 2008).  
Post-accretionary magmatism is abundant in southwest Yukon. The middle 
Cretaceous Whitehorse suite and the Paleogene Ruby Range suite are prominent 
examples, and form part of the extensive Coast plutonic complex (Hart et al., 2004; Israel 
et al., 2011). Some of these plutonic suits are interpreted to have facilitated west-verging 
crustal thickening (Johnston and Canil, 2007). However, more recent geochronological 
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data indicates that the plutons are, for the most part, post-tectonic in southwest Yukon 
(e.g. Israel et al., 2011; Joyce et al., 2016).  
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Chapter 2.  
 
Regional geology and structural evolution of Yukon 
Tanana terrane in the Aishihik Lake region, 
southwestern Yukon 
2.1. Abstract 
We present protolith and structural characteristics of mid-crustal rocks near 
Aishihik Lake, in southwest Yukon, obtained through field mapping, structural analysis, 
and U-Pb geochronology. Results suggest that the main tectonostratigraphic assemblage 
exposed in the Aishihik Lake region is correlative to the basement (Snowcap assemblage) 
of the Yukon Tanana terrane. Mississippian and late Permian plutons are both observed 
within the Snowcap assemblage. The cross-cutting of a tectonic foliation by a late Permian 
pluton and a higher level of strain in Mississippian versus Permian plutons indicate that 
the Yukon Tanana terrane at Aishihik Lake was tectonised (D1) prior to the late Permian. 
However, the main foliation (S2) preserved in the Aishihik Lake region is attributed to mid-
crustal shearing and transposition (D2), prior to the intrusion of the Early Jurassic Aishihik 
batholith. D2 was associated with regional kyanite-bearing, amphibolite-facies 
metamorphism of Yukon Tanana terrane. The steep to gentle northeast dip of S2 and 
southwest (today’s co-ordinates) vergence of folds associated with D2 are taken to reflect 
tops-to-the southwest tectonic transport. East-verging (F3) and upright (F4) folds record 
subsequent tectonism in the Aishihik Lake region. F3 and F4 structures are cross-cut by 
the Paleogene Ruby Range batholith.     
2.2. Introduction 
The Yukon-Tanana terrane is one of the largest accreted terranes in Yukon (Figure 
2.1). Much of the terrane is characterised by polydeformed and metamorphosed rocks 
that record mid-crustal processes associated with diachronous late Permian, Early 
Jurassic, and Middle Jurassic to Middle Cretaceous orogenesis (Berman et al., 2007; 
Hood, 2012; Staples et al., 2013; Staples et al., 2014). Understanding the distribution of 
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tectonostratigraphy and the timing of deformation throughout this regionally widespread 
terrane is crucial to understanding the northern Cordillera’s tectonic history (e.g. Beranek 
and Mortensen, 2011; Staples et al., 2016). However, much of the terrane is not well-
studied, which hinders our understanding of the Paleozoic and Mesozoic amalgamation 
of the northern Canadian Cordillera. 
Polydeformed and metamorphosed rocks crop out near Aishihik Lake, in 
southwest Yukon (Figure 2.1). These rocks are interpreted to belong to the Snowcap and 
Finlayson assemblages of the Yukon Tanana terrane (Colpron et al., 2016). Although 
amphibolite-facies metamorphism in the Aishihik Lake region is attributed to the mid-
crustal intrusion of the nearby Aishihik batholith (Johnston and Erdmer, 1995), Al-in-
hornblende barometry data suggest a much shallower emplacement for the batholith 
(Topham et al., 2016). This places in question the role that the batholith played in the 
regional metamorphism in the Aishihik Lake region. In addition, the timing of polyphase 
deformation in the Aishihik Lake region is not well constrained (Johnston, 1993). 
In this study, lithological and detrital zircon age data are used to provide a more 
robust characterisation of the protolith of the polydeformed and metamorphosed rocks in 
the Aishihik Lake region. In addition, a detailed structural analysis of field-data is used to 
determine the character and relative timing of tectonic events that are recorded in rocks 
in the Aishihik Lake region. U-Pb ages of igneous zircon from plutons in the Aishihik Lake 
region are used, together with cross-cutting relationships between these plutons and 
nearby foliations, to constrain the timing of penetrative deformation. The regional 
character and distribution of amphibolite-facies metamorphism is examined based on field 
observations and thin-section analyses. These data are used to robustly describe the 
relationship between metamorphism, tectonism and the intrusion of the Aishihik batholith 
in the Aishihik Lake region.  
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Figure 2.1 Terrane map of Yukon, Southeast Alaska and Northern British Columbia 
after Colpron and Nelson (2011). Black box indicates the location of the 
study area and the extent of the map shown in Figure 2.2.  
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2.3. Regional geology and previous work 
The Proterozoic to Permian peri-cratonic Yukon Tanana terrane underlies much of 
southwest Yukon, eastern Alaska and northern British Columbia (Figure 2.1). In the 
northwestern, northern and eastern parts of the terrane, it forms an allochthon above 
autochthonous Proterozoic to Paleozoic Laurentian margin sediments (Abbott, 1997; 
Colpron et al., 2016b; Colpron et al., 2006b). The Yukon Tanana terrane surrounds the 
arc terranes of Stikinia and Quesnellia, which are characterised, in part, by Triassic 
volcaniclastic strata and associated intrusive rocks (e.g.Nelson et al., 2013). In Yukon, 
Stikine and Quesnel terranes are overlain by rocks of the Early Jurassic Whitehorse 
Trough interpreted as detritus shed from exhuming mid-crustal rocks of the adjacent 
Yukon Tanana terrane (e.g. Colpron et al., 2015). The western part of the Yukon Tanana 
terrane structurally overlies the Kluane Schist, Bear Creek and Blanchard River 
assemblages in southwest Yukon, and the Gravina belt in Alaska and British Columbia, 
which are interpreted as Mesozoic basins (Canil et al., 2015; Israel et al., 2011; McClelland 
et al., 1992; Mezger, 2002; Mezger et al., 2001).  
The north-northwest striking belt of tectonised amphibolite-facies rocks that 
characterise the Aishihik region (see Figure 2.2) was originally assigned to the Yukon 
Group by Tempelman-Kluit (1974). These rocks have since been interpreted to comprise 
parts of the Nisling and Nasina assemblages (Johnston et al., 1996; Mortensen, 1992; 
Tempelman-Kluit, 1976). Following the regional Ancient Pacific Margin NATMAP project 
the Nisling and Nasina assemblages were reinterpreted as belonging to the Proterozoic 
to Devonian Snowcap and Devono-Mississipian Finlayson assemblages, respectively, of 
the Yukon Tanana terrane (Colpron et al., 2006b). Israel et al. (2011) correlate the 
metamorphic rocks in the Aishihik Lake region with the Snowcap and Finlayson 
assemblages on the basis of their lithology and unpublished detrital zircon geochronology. 
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Figure 2.2: Simplified regional geology of Aishihik Lake, showing locations of 
detailed maps in Appendix A (dashed-line boxes), and metamorphic 
isograds. Regional geology modified from Colpron et al. (2016b) and 
Israel et al. (2011). Ages of rock units from Israel et al. (2011) and 
Joyce et al. (2016). A schematic cross-section from A-B is shown in 
Figure 2.7. Note that some unit colours have been changed relative to 
those of the detailed maps in Appendix A to improve this diagram’s 
clarity. Extent of the Simpson Range suite is uncertain.  
In the Aishihik Lake map area, the Yukon Tanana terrane was intruded in the 
northeast by the Early Jurassic Aishihik batholith, and on the southwest side by the 
Paleogene Ruby Range batholith, as shown in Figure 2.2 (Israel et al., 2011; Johnston 
and Erdmer, 1995a). Although Johnston and Erdmer (1995a) interpret the Aishihik 
batholith to have intruded at mid-crustal depths (i.e. 30 kilometres), recent aluminium in 
hornblende barometry has indicated much shallower emplacement, around 3-4 kilobars 
(Topham, 2015). The Ruby Range batholith was emplaced around 64-53 Ma (Israel et al., 
2011). Numerous coeval volcanoplutonic complexes near Aishihik Lake are interpreted to 
be the surface expression of the batholith, implying that it intruded at a shallow crustal 
level (Israel et al., 2011). The intrusion of the Ruby Range batholith post-dated ductile 
deformation in the Aishihik Lake region (Israel et al., 2011; Johnston, 1993). The Ruby 
Range and Aishihik batholiths obscure the structures that must have juxtaposed mid-
crustal rocks of the Yukon Tanana terrane against Mesozoic basins to the southwest, and 
Stikinia to the northeast. 
The only previous detailed analysis of the structural evolution of the Yukon Tanana 
terrane in the Aishihik Lake region was undertaken by Johnston (1993). He interprets an 
S1 fabric to be defined by garnet inclusion trails and compositional banding in quartz-rich 
rocks associated with rare F1 folds (Johnston, 1993). Johnston (1993) interprets an S2 
fabric to be defined by aligned mica in pelitic rocks, transposed earlier structures and 
lithological boundaries, and leucocratic lenses within migmatitic zones near the margin of 
the Aishihik batholith. S2 is axially planar to open to isoclinal F2 folds whose axes parallel 
a well-developed quartz rodding lineation (Johnston, 1993). An S3 fabric is best developed 
in more pelitic rocks, and is associated with open to tight, west-verging F3 folds that have 
steep to gently east-dipping axial surfaces (Johnston, 1993). S2 is inferred by Johnston 
(1993) to mostly pre-date the intrusion of the Early Jurassic Aishihik batholith, based on 
the absence of a tectonic foliation in the batholith’s interior. A Paleogene upper age limit 
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for the development of S3 is provided by cross-cutting intrusions of the Ruby Range 
batholith (Johnston, 1993).  
2.4. Lithological, detrital and igneous zircon, and 
metamorphic characteristics of the Yukon Tanana 
terrane in the Aishihik Lake region 
This section describes lithological field observations and U-Pb zircon data obtained 
from detrital and igneous samples collected from the study area. Metamorphic 
observations are also presented. In addition, four maps, three at 1:20,000 scale and one 
at 1:10,000 scale, were constructed to illustrate lithological relationships and structures in 
the Aishihik Lake region. These maps are presented in Appendix A.   
2.4.1. Snowcap Assemblage 
The dominant metamorphic rocks in the Aishihik Lake region are plagioclase-
biotite-muscovite-quartz schists (undivided schists; Figure 2.2). These schists locally 
contain abundant garnet, kyanite and/or fibrolitic sillimanite (Figure 2.3 A). More schistose 
rocks are commonly interlayered with 1-20 cm thick bands of grey quartzite (Figure 2.3 
B). Marble and quartzite units with thicknesses of 10-100 m are locally abundant. Less 
common units include carbonaceous quartzite (Figure 2.3 C), biotite-rich amphibolite, and 
metamorphosed felsic extrusive rocks – lithologies which are more characteristic of the 
Finlayson assemblage (Murphy et al., 2007a). However, field mapping indicates that these 
carbonaceous, amphibolitic and magmatic units are not regionally extensive. It is also not 
possible to characterise these less-common rock types as a single entity, such as the 
Finlayson assemblage, as they exhibit no consistent structural or stratigraphic 
relationships, either internally or with other lithologies.  
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Figure 2.3: Photographs of selected rock types of the Yukon Tanana terrane in the 
Aishihik Lake region. A) Garnet-biotite-muscovite-kyanite schist; 
Interpreted as Snowcap assemblage. B) Foliated and folded 
quartzite and schist of the Snowcap assemblage. C) Carbonaceous 
quartzite and amphibolite. D) Orthogneiss with distinctive quartz-
feldspar augen, tentatively interpreted as part of the Mississipian 
Simpson Range suite.    
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Rocks of the Snowcap assemblage are characterised as having an abundance of 
Proterozoic and older detrital zircon and a lack of detrital zircon younger than Silurian in 
age (Piercy and Colpron, 2009; Colpron et al., 2006). This reflects the deposition of the 
Snowcap assemblage near the Laurentian continent during the Neoproterozoic and early 
Paleozoic (Piercy and Colpron, 2009; Colpron et al., 2006). A detrital zircon sample (10-
SI-169-3) was collected from a quartzite outcrop in the Aishihik Lake region (see Figure 
2.2 for sample location) in order to examine whether or not rocks in the Aishihik Lake 
region have detrital zircon signatures that are characteristic of the Snowcap assemblage.  
Separated zircon grains from sample 10-SI-169-3 were analysed using LA-ICPMS 
at the Boise State University Isotope Geology Laboratory (see Appendix B for detailed 
methods and data table). A probability density plot of detrital zircon 207Pb/206Pb ages is 
shown in Figure 2.4. The lack of Devono-Mississippian or younger zircon and abundant 
Precambrian zircon is consistent with this sample being deposited in the early Paleozoic 
near the margin of Laurentia, and therefore belonging to the Snowcap assemblage.  
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Figure 2.4: Probability density plot of detrital zircon sample 10-SI-169-3, collected 
from 61°23'6.82"N, 137°27'12.41"W. See text for discussion. 
The majority of rocks belonging to the Yukon Tanana terrane in the Aishihik Lake 
region consist of quartz-rich schists with abundant muscovite and biotite, and lesser 
amounts of garnet and plagioclase. Calcite is abundant in more calcareous schists that 
are often found near marble horizons. More mafic lithologies contain abundant amphibole. 
Although not abundant, outcrops of pelitic schist are widely distributed in the Aishihik Lake 
region and contain abundant garnet, muscovite, biotite, quartz and plagioclase. In the 
easternmost outcrops of pelitic schists mapped during this study, sillimanite is also 
abundant. Further west, pelitic schists contain kyanite and staurolite with lesser amounts 
of sillimanite. Sillimanite does not occur in rocks in the western parts of the study area. 
These observations are shown by the sillimanite and kyanite/staurolite isograds in Figure 
2.2. Metamorphic observations indicate that the Yukon Tanana terrane in the Aishihik 
Lake region has been metamorphosed to amphibolite-facies conditions. It is important to 
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note that kyanite, garnet and staurolite occur over 25 kilometres from the Aishihik 
batholith, indicating that the metamorphism was regionally extensive, extending a 
significant distance away from the batholith margin. No sign of partial melting was 
observed in the Aishihik Lake region, except within several kilometres of the Aishihik 
batholith. Metamorphism in the Aishihik Lake region is discussed further in Section 2.5.2 
and in Chapter 3. 
2.4.2. Simpson Range suite 
Mississippian orthogneiss of the Simpson Range suite is interlayered with the 
Snowcap assemblage in the Aishihik Lake region. The orthogneiss exhibits prominent 
feldspar augen in a matrix of highly strained quartz, feldspar, biotite and hornblende 
(Figure 2.3 D). It occurs in contact with schist and quartzite near the western margin of the 
Aishihik batholith (Johnston et al., 1996; Joyce et al., 2016). A similar orthogneiss, 
tentatively also correlated with the Simpson Range suite, was mapped near the southern 
end of Aishihik Lake.  
2.4.3. Sulphur Creek suite 
Two quartz-diorite plutons in the Aishihik Lake region were recently mapped and 
assigned to the Permian Sulphur Creek suite, which is far more extensive to the north, 
near Dawson City (Colpron et al., 2016b). The southernmost pluton in the mapped area 
exhibits a strong tectonic foliation, defined by the alignment feldspar grains wrapped by 
dynamically recrystallised quartz and muscovite (Figure 2.5 A). The northernmost pluton 
in the area exhibits a weak to moderate foliation defined by biotite and dynamically 
recrystallised quartz that wraps around plagioclase augen. The contact between this 
pluton and a surrounding schist of Yukon Tanana terrane is undulatory, with a subtle 
decrease in the grainsize of the pluton within several centimetres of the schist. These 
observations suggest the contact between the northernmost Permian pluton and the 
Yukon Tanana terrane is intrusive. Importantly, a ductile foliation in the schist (S1), defined 
by boudinaged quartz-rich bands and aligned mica, is cross-cut by the pluton (Figure 2.5 
B).   
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Figure 2.5: A) Strongly foliated Sulphur Creek suite pluton northwest of Sekulmun 
Lake. B) Moderately foliated Sulphur Creek suite pluton (bottom left) 
crosscutting foliated quartz-rich schist (upper right) of the Yukon 
Tanana terrane at the southern end of Sekulmun Lake. Foliation (S1) 
is comprised of dynamically recrystallised quartz boudins and 
aligned mica. Field of view in B approx. 30 cm.  
Igneous zircon separated from samples of each pluton in 2010 and 2011 were 
analysed using CA-TIMS and LA-ICPMS at the Boise State University Isotope Geology 
Laboratory (see appendix B for detailed methods and data table). Concordia diagrams of 
CA-TIMS results are presented in Figure 2.6. Sample 11-SI-177-1 was collected from the 
northern pluton (see Figure 2.2). Six grains from this sample dated by CA-TIMS yielded a 
weighted mean 206Pb/238U date of 258.39 ± 0.08 Ma (MSWD = 1.6). This is the interpreted 
igneous crystallization age. Sample 10-EW-195-1 was collected from the southern pluton 
(see Figure 2.2). Six grains from this sample dated by CA-TIMS yielded a weighted mean 
206Pb/238U date of 257.27 ± 0.08 Ma (MSWD = 2.2). This is the interpreted igneous 
crystallization age. These ages obtained from both plutons overlap with previously 
documented ages for the emplacement of the Sulphur Creek suite (Colpron et al., 2006b; 
Mortensen, 1992).  
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Figure 2.6: U-Pb (ID-TIMS) concordia plots for samples 10-EW-195-1 (top) and 11-
SI-177-1 (bottom).  
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2.5. Structural evolution of the Yukon Tanana terrane in the 
Aishihik Lake region 
Structural observations and measurements taken in the field are presented below. 
Orientations and relationships between structures were recorded during two months field 
work in the Aishihik Lake region. Microstructural data was collected from more than twenty 
oriented thin-sections of samples taken from the study area. A schematic cross section 
depicting the relationship different lithologies and structures preserved in the Aishihik Lake 
region is shown in Figure 2.7. 
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2.5.1. Pre-transposition fabrics (S0, S1) 
Compositional layering and contacts between different lithological units in 
metasedimentary rocks are interpreted to represent depositional layering (Figure 2.3 B), 
which was also noted by Johnston (1993). This fabric (S0) occurs throughout the study 
area in metasedimentary rocks. However, it has been transposed and is now concordant 
with the regional transposition foliation (S2). Deformation and recrystallisation have 
obliterated any primary sedimentary features.     
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Figure 2.8: A) boudinaged quartz bands interpreted as S1 included in garnet. Bands 
may have originally been quartz-rich sediments or quartz veins. S1 is 
discontinuous with respect to the external foliation (S2). Field of view 
is approximately four millimetres. B) Rootless isoclinal folds of quartz 
bands in garnet schist. Axial surface of folds are parallel with S2, 
which is a composite foliation defined by aligned mica, lithological 
layering and quartz veins. C) Top-to-the-north sense shear band 
developed in quartz-muscovite schist. Field of view is approximately 
three millimetres.  
Inclusion trails of elongate quartz (locally boudinaged; Figure 2.8 A) and fine-
grained ilmenite in garnet define a foliation (S1) that is interpreted to pre-date the 
predominate foliation in the Aishihik Lake region (S2). This S1 fabric is equivalent to 
Johnston’s (1993) S1. Although in some cases S1 can be traced into pressure shadows 
surrounding garnet, it is most often discordant with the matrix fabric (S2). S1 included in 
garnet is variably oriented. This is interpreted to be due to the rotation of garnet during the 
formation of S2 (see below). The fine grain size and lack of higher-grade metamorphic 
minerals (staurolite, kyanite) that define S1 suggest that it formed below amphibolite-facies 
conditions. Notably, a fabric interpreted as S1 is truncated by the Permian Sulphur Creek 
suite (Figure 2.5 B). This would require that S1 was not everywhere completely obliterated 
by S2, but that elements of S1 (such as lithological boundaries and quartz veins) were re-
oriented into the S2 foliation.  
2.5.2. Regional transposition and penetrative ductile deformation 
(D2, D2a) 
A widespread, penetrative transposition foliation (S2) comprises the dominant 
fabric within rocks of the Yukon Tanana terrane in the study area, and is equivalent to 
Johnston’s (1993) S2. S2 is defined by isoclinally folded and sheared earlier fabrics (S0 
and S1), as well as elongate, boudinaged intrusions; aligned metamorphic and magmatic 
minerals such as micas, kyanite and feldspar; and shear bands (see Figure 2.3 D, Figure 
2.5 A, and Figure 2.8). Aligned elongate minerals such as hornblende and kyanite locally 
define a lineation (L2) which is associated with the formation of S2 (Figure 2.3 A). S2 wraps 
tightly around garnet porphyroblasts, and weakly around staurolite and kyanite grains (e.g. 
Figure 2.3a), suggesting deformation was coeval with regional amphibolite-facies 
metamorphism. Locally however, garnets contain spiral inclusion trails that continue into 
the matrix foliation. Therefore, S2 formation was likely protracted, beginning prior to garnet 
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growth, but continuing to develop after garnet, staurolite and kyanite growth. Tempelman-
Kluit (1974) and Johnston and Erdmer (1995a) recognise that on a regional scale, S2 has 
a shallow to moderate dip to the northeast, beneath the western margin of the Aishihik 
batholith. Mapping and structural measurements obtained during this study confirm this 
shallow north-easterly regional dip of S2 near the batholith. However, across strike to the 
southwest of the Aishihik batholith, between Aishihik and Sekulmun Lakes, S2 becomes 
sub-horizontal (Figure 2.9). Further southwest, to the southeast of Sekulmun Lake and 
near Aishihik Lake campground, S2 dips moderately to the northeast. Within the southern 
Sulphur Creek suite pluton to the southwest of Sekulmun Lake, S2 is sub-vertical. 
Variations in the orientation of L2 are less systematic, although moderate to shallow 
plunges to the north-northwest are most common. The regional variation in the 
orientations of structures are illustrated by equal-area stereonets, plotted using 
OpenStereo (version 0.1.2; http://www.igc.usp.br/index.php?id=391) in Figure 2.9. 
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Figure 2.9: Equal-area stereonets containing structural orientation data for different 
areas in the Aishihik Lake region. See Figure 2.2 for lithological 
details of map units.  
Johnston and Erdmer (1995a) identify a tops-to-the west shear sense within Yukon 
Tanana terrane rocks in the immediate vicinity of the western margin of the Aishihik 
batholith, although they attribute this to local magmatic processes, rather than regional 
tectonism. Shear sense indicators, including asymmetric augen structures, shear bands, 
mica fish, assymetric folds and stair stepping structures, were examined in outcrop and 
oriented thin-sections taken from samples throughout the Aishihik Lake region. Where 
obvious, shear sense orientations were corrected for any folding that had re-oriented S2 
(e.g. F3). The more than 20 shear sense indicators collected conflicted with one another 
with tops-to-the northeast, north, northwest, west, southwest, south or southeast shear 
sense, but no dominant direction recorded. However, the vergence of F2 folds was, in 
general, consistently towards the southwest. A general non-coaxial regime (e.g. Fossen 
2016) with a strong component of pure shear, perhaps due to high temperatures, could 
explain the conflicting shear sense and poor development of asymmetric structures. This 
is supported by petrographic analysis of S2 quartz microstructures, which indicate 
deformation temperatures exceeded 500 °C based on the presence of quartz grain 
boundary migration textures (Stipp et al., 2002) found throughout the Aishihik Lake region 
(e.g. Figure 2.8 C). The inconsistent sense of shear in the Aishihik Lake region could also 
have resulted from the mixing of shear sense from earlier deformation episodes (e.g. D1). 
The consistent regional east-northeast dip of S2, combined with the consistent southwest 
vergence of F2 structures, is taken to reflect tops-to-the west-southwest transport of 
material during the formation of S2. 
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Figure 2.10:  Isoclinal folds F2 of S2, which are inferred to have occurred late 
during D2 A) Metre scale isoclinal F2 in marble and biotite schist. B) 
Isoclinal F2 folds of S2 wrapping around a small garnet. C) Well-
defined F2 folds in quartzite, exhibiting a prominent intersection 
lineation. D) Upright isoclinal F2 folds, looking to the northwest.
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Locally, S2 has been folded around isoclinal folds (F2; see Figure 2.10). The axial 
surfaces of these folds dip regionally to the northeast, and parallel S2 (Figure 2.9). F2 folds 
are well-developed in quartzose rocks, where they fold either S0, S1, or a proto-S2 foliation. 
F2 folds are associated with a well-developed intersection lineation (L2), which is 
subparallel to L2. F2 folds are interpreted to have developed during the late stages of D2.  
2.5.3. Post-D2 deformation (D3, D4) 
D2 structures were refolded by open to tight, east-verging folds (F3) with 
consistently west-dipping axial surfaces (see Figure 2.9 and Figure 2.11 A). F3 
wavelengths of several centimetres to tens of centimetres are common, although larger 
structures with wavelengths of several hundred metres also exist. Well-developed kink 
bands in micaceous lithologies have axial planes that parallel S3. Mica are generally 
fractured and bent around F3 fold hinges, and exhibit sweeping extinction, suggesting that 
they experienced little recrystallization during the development of S3. This style of strain 
accommodation is consistent with F3 folding occurring at a shallower depth relative to 
deformation associated with D2. A prominent lineation (L3) is defined by the hinges of F3 
kink folds, which plunge shallowly to the north-northeast (see Figure 2.9). The oblique 
relationship between L2 and L3 is obvious in micaceous quartzite, where both lineations 
are well developed (see Figure 2.11 B). However, data do not show any systematic 
relationship between the orientations of L2 and L3 on a regional scale (see Figure 2.9).  
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Figure 2.11: A) East verging F3 that refolded F2, looking north. B) Quartzite with 
micaceous partings exhibiting prominent L2 and L3 lineations; 
exposed surface is S2 C) Annotated photograph of polydeformed 
schist and quartz veins, looking approx. northwest, illustrating the 
relative timing of fold generations in the Aishihik Lake region.   
S3 is itself refolded about F4 folds (see Figure 2.11 C), whose axial surface, S4, is 
best developed in mica rich rocks in the northeast part of the study area near Albert Creek, 
and between the northern ends of Aishihik and Sekulmun Lakes. An associated lineation 
(L4) is defined by the hinges of F4 structures, and plunges shallowly to the north. S4 is 
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characterised by a north-south strike and a subvertical to steep easterly dip, but is 
otherwise similar to S3 (see Figure 2.9). F3 and F4 folds, and their associated lineations 
and foliations, are equivalent to structures attributed by Johnston (1993) to D3. However, 
data collected for this study indicate a systematic variation in the dip and location of F3 
and F4 structures, as well as clear overprinting relationships, which are used here to justify 
their separation into two generations.  
2.6. Discussion 
Results from this study suggest that metamorphic rocks in the Aishihik Lake region 
cannot be clearly assigned to two distinct tectonic assemblages (e.g. Johnston et al., 
1996). Instead, we interpret the majority of these rocks as a single assemblage, whose 
lithological, detrital zircon and intrusive characteristics are most compatible with the 
Snowcap assemblage (Colpron et al., 2006b). However, given the complex structural 
history of the Yukon Tanana terrane in the Aishihik Lake region, it is possible that 
fragments of other tectonostratigraphic entities (e.g. the Finlayson assemblage) are 
present locally (e.g. Israel and Borch, 2015). More detailed detrital zircon data will likely 
better constrain the protolith ages of metasedimentary rocks in the Aishihik Lake region.  
North of the Aishihik Lake region, at Stevenson Ridge, Sulphur Creek and Simpson 
Range intrusions are reported to be confined to separate nappe-style thrust sheets (Ryan 
et al., 2014). Intrusive rocks of the Simpson Range and Sulphur Creek suites are both 
present in the Aishihik Lake region (Colpron et al., 2016b; Joyce et al., 2016). However, 
we found little evidence which would suggest these suites are separated by a thrust fault. 
These observations indicate that the presence of Stevenson Ridge and Sulphur Creek 
suites may not characterise separate thrust sheets throughout the entire Yukon Tanana 
terrane.  
The truncation of S1 by a 258 Ma pluton suggests that, at least locally, the Yukon 
Tanana terrane in the Aishihik Lake region was tectonised prior to the latest Permian. The 
more penetrative fabric in Mississippian plutons relative to Permian plutons also indicates 
a significant component of pre-latest Permian deformation (e.g. Figure 2.3 D and Figure 
2.5 B). These results correlate with data from the Stewart River region to the north, which 
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include a regional 9 kbar burial event dated by monazite to have occurred during the late 
Permian, and a late Permian pluton which cross-cuts a regional foliation (Berman et al., 
2007). Collectively, these data provide further evidence in support of significant late 
Permian deformation, likely associated with the Klondike orogeny as described by 
Beranek and Mortensen (2011). 
Multiple lines of evidence point towards a major Late Triassic to earliest Jurassic 
crustal thickening event in the Aishihik Lake region, as proposed by Johnston and Erdmer 
(1995a). First, the widespread, penetrative, ductile character of S2 is consistent with mid-
crustal deformation. Second, the 190-180 Ma Aishihik batholith is relatively undeformed, 
and is interpreted to have intruded post or late-syn kinematically, suggesting D2 
deformation occurred prior to 190 Ma (Johnston and Erdmer, 1995a; Joyce et al., 2016). 
Third, the association of a regional garnet + plagioclase + muscovite + biotite ± kyanite ± 
sillimanite ± staurolite bearing metamorphic assemblage with S2 is consistent with 
deformation at moderate to deep crustal depths, prior to the relatively shallower 
emplacement of the Aishihik batholith at 3-4 kilobars (Topham, 2015). Fourth, elsewhere 
in southwest Yukon, syn-kinematic plutons of the Minto suite intruded at mid-crustal 
depths in the Late Triassic and earliest Jurassic, and are associated with the development 
of a penetrative foliation (Hood, 2012; Tafti and Mortensen, 2003). Fifth, a Late Triassic 
pluton to the northwest of the Aishihik batholith contains a penetrative foliation, which is 
largely absent in nearby Early Jurassic plutons (Ryan et al., 2016). Finally, a greenschist 
facies fabric in the Takhini assemblage, to the southeast of Aishihik Lake, is cross-cut by 
dykes that are interpreted to be coeval to the Aishihik batholith (Colpron et al., 2016a). 
Taken together, these data imply that the Yukon Tanana terrane in southwest Yukon was 
buried to the mid-crust during the Late Triassic – Early Jurassic. However, more definitive 
constraints on the timing of this event require detailed petrochronology (see Chapter 3).  
Late-Triassic to Early Jurassic mid-crustal deformation is also documented in the 
Stewart River region and eastern Alaska (Berman et al., 2007; Dusel-Bacon et al., 2002). 
Therefore, this time period appears to mark the timing of widespread orogenesis in the 
Northern Cordillera of Yukon and Alaska. Notably, Stikine and Quesnel terrane preserve 
widespread evidence for a regional Late Triassic-Early Jurassic unconformity, which is 
associated with the emplacement of the mineral rich porphyry deposits of British Columbia 
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(e.g. Logan and Mihalynuk, 2014). The Late Triassic – Early Jurassic orogen must have 
collapsed by the mid-Early Jurassic, as widespread exhumation during this time is 
indicated by regional 40Ar/39Ar and K-Ar mica cooling ages, the shallow emplacement 
depth of the 190-180 Ma Aishihik batholith, and the deposition of detritus from the 
exhuming metamorphic infrastructure into Early Jurassic Whitehorse Trough strata to the 
east (Colpron et al., 2015; Joyce et al., 2015; Topham, 2015).  
The timing of D3 and D4 remain enigmatic. Both events, which have not resulted in 
significant mica recrystallisation, occurred at shallow crustal depths. They are therefore 
interpreted to postdate regional exhumation at ca. 185 Ma (Colpron et al., 2015; Johnston 
and Erdmer, 1995a). An upper constraint on the timing of F3 and F4 is provided by 
undeformed crosscutting intrusions of the Paleogene Ruby Range batholith (Israel et al., 
2011; Johnston, 1993). F3 and F4 structures may be coeval with mid-to-late Mesozoic 
deformation documented elsewhere in southwest Yukon. For example, White et al. (2012) 
document Middle to Late Jurassic and mid-Cretaceous southwest-verging structures in 
the Whitehorse Trough. To the west, Late Cretaceous mid-crustal deformation produced 
southwest verging structures in the Kluane Schist (Israel et al., 2011; Mezger et al., 2001). 
Further work is required to constrain the timing of F3 and F4 deformation. It is interesting 
to note the change from west- to east-verging structures between D2 and D3. This may 
signal a significant change in the tectonic configuration of the northern Canadian Cordillera 
during the mid to late Mesozoic. 
2.7. Conclusions 
Lithology and detrital zircon geochronology suggest that the main 
tectonostratigraphic assemblage exposed in the Aishihik Lake region is correlative with 
the Snowcap assemblage. Simpson Range and Sulphur Creek suite plutons are both 
present within the Snowcap assemblage. Therefore, these plutons may not characterise 
individual thrust sheets in the Yukon Tanana terrane. Cross-cutting relationships, 
microstructural textures, and higher strain in Mississippian versus late Permian plutons, 
all suggest that the Aishihik region was tectonised prior to the late Permian (D1). The 
Yukon Tanana terrane in the Aishihik Lake region preserves widespread evidence of Late 
Triassic to Early Jurassic mid-crustal shearing and transposition (D2). This event was 
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associated with regional kyanite-bearing amphibolite-facies metamorphism. Tectonic 
transport during this event was probably tops-to-the southwest. D2 occurred coeval to 
widespread porphyry mineralisation in British Columbia. East-verging (F3) and upright (F4) 
folds affected the Yukon Tanana terrane in the Aishihik Lake region between the late-Early 
Jurassic and the Late Cretaceous.       
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Chapter 3.  
 
Mid-crustal record of Early Jurassic tectonism in the 
Northern Canadian Cordillera revealed by U-Pb and 
40Ar/39Ar geochronology and thermobarometry 
3.1. Abstract 
In-situ U-Pb monazite geochronology, garnet isopleth thermobarometry and 
isochemical phase diagram modelling document earliest Jurassic, mid-crustal deformation 
of Yukon Tanana terrane in the Aishihik Lake region, in southwest Yukon. 40Ar/39Ar 
geochronology of biotite and muscovite constrain the timing of exhumation and a thin-
skinned crustal thickening event. Ca. 194 Ma low-Y monazite, locally included in garnet, 
date tectonic burial, prograde amphibolite-facies metamorphism, and the development of 
a penetrative, east-dipping, tops-to-the west-southwest ductile shear fabric (S2). Peak 
metamorphic conditions were 640-650 °C and ~7 kbar. Widespread ca. 183 Ma high-Y 
monazite grew as a result of depressurisation-induced garnet breakdown, and are 
indistinguishable within error of the 190-180 Ma Aishihik batholith. Muscovite 40Ar/39Ar 
ages of ca. 175 Ma indicate that mid-crustal rocks in the Aishihik Lake region were 
exhumed to the upper crust in the Early Jurassic, whereas ca. 126 Ma biotite cooling ages 
are interpreted to reflect renewed crustal thickening in the Early Cretaceous (D3/D4). 
These data help define a regional crustal thickening event which buried much of the 
western prong of Yukon Tanana terrane to the mid-crust in the earliest Jurassic.  
3.2. Introduction 
Neoproterozoic to Permian rocks of the Yukon Tanana terrane in Yukon and 
Alaska represent one of the largest exposures of tectonised amphibolite-facies rocks in 
the North American Cordillera (Figure 3.1; Colpron et al., 2016b; Colpron et al., 2006b; 
Dusel-Bacon et al., 2002). These high-grade rocks preserve a record of punctuated 
Permian to Cretaceous mid-crustal deformation associated with terrane accretion and 
Cordilleran orogenesis (e.g. Berman et al., 2007; Dusel-Bacon et al., 2002; Staples et al., 
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2013). However, unravelling the timing, distribution and style of these events has proven 
difficult. In part, this is due to the monotonous appearance and poor exposure of much of 
the terrane’s high-grade basement, which has mostly been studied as part of regional 
mapping programs (e.g. Colpron et al., 2006b; Mortensen, 1992; Tempelman-Kluit, 1976). 
The recent application of modern petrochronology to the Yukon Tanana terrane in the 
Stewart River, Australia Mountain and Finlayson Lake regions, has led to a significant 
reshaping of our understanding of northern Cordilleran tectonic development (e.g. Berman 
et al., 2007; Staples et al., 2016; Staples, 2014; Staples et al., 2014). A similar application 
of state-of-the-art petrochronology is used in this study of the Yukon Tanana terrane in the 
Aishihik Lake region, in southwest Yukon.
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Figure 3.1:  Terrane map of Yukon, Southeast Alaska and Northern British Columbia 
after Colpron and Nelson (2011). Black box indicates the location of the 
study area and the extent of the map shown in Figure 3.2.  
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The regional map pattern of the Yukon Tanana terrane defines a northward closing 
clothes-pin shape (Figure 3.1). Within parts of the hinge of the “clothes-pin” near Dawson 
City, and the eastern prong of the terrane record late Permian mid-crustal transposition, 
an earliest Jurassic high pressure event, and the prolonged development of a thick-
skinned orogenic wedge from Middle Jurassic to Cretaceous time (e.g. Berman et al., 
2007; Staples et al., 2016). The terrane also records widespread and localised exhumation 
in the Early Jurassic and mid-Cretaceous, respectively (Dusel-Bacon et al., 2002; 
Johnston and Erdmer, 1995a; Mortensen, 1992; Staples et al., 2013). These events have 
been interpreted to reflect the collision of the Yukon Tanana terrane with Laurentia in the 
Permian (Beranek and Mortensen, 2011) or earliest Jurassic (Berman et al., 2007), 
regional Early Jurassic exhumation, and the development of a Jura-Cretaceous orogenic 
wedge which accommodated the westward emplacement of the terrane onto Laurentia 
(Staples et al., 2016). However, much of the terrane’s history remains contentious, 
especially the timing of collision between the terrane and Laurentia, and whether or not 
oroclinal bending contributed to the terrane’s clothes-pin geometry in map view (e.g. 
Mihalynuk et al., 1994).  
Results from this study help to elucidate the enigmatic Mesozoic tectonic 
development of the northern Canadian Cordillera through the use of field mapping, 
petrographic analysis, U-Pb monazite and 40Ar/39Ar geochronology, pseudosection 
modelling, and garnet isopleth thermobarometry. The study is focused on the Aishihik 
Lake region in southwest Yukon, where polydeformed amphibolite-facies rocks lie within 
the western prong of Yukon Tanana terrane (Figure 3.1). In this region, metamorphism 
has been attributed largely to the intrusion of the Early Jurassic Aishihik batholith at mid-
crustal depths (Johnston and Erdmer, 1995a). However, the relatively undeformed 
batholith appears to post-date syn-metamorphic penetrative deformation in surrounding 
rocks (Johnston and Erdmer, 1995b; Johnston et al., 1996). Also, recent barometry of the 
batholith indicates it was emplaced at depths significantly shallower than that of the mid-
crust, suggesting that it may have had a less significant role in the development of the 
regional metamorphic assemblage (Topham, 2015). This study addresses these issues 
by using monazite geochronology to constrain the timing of penetrative deformation in the 
Aishihik Lake region. Thermodynamic modelling is also used to test the hypothesis that 
regional metamorphism was heavily influenced by the intrusion of the Aishihik batholith.  
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3.3. Geological Setting 
The peri-cratonic Yukon Tanana terrane underlies much of the Canadian Cordillera 
in Yukon (Figure 3.1). In map view, its shape resembles a clothes-pin, with eastern and 
western prongs that surround the arc terranes of Stikinia and Quesnellia, and the Cache 
Creek accretionary complex. These four terranes are separated from the western 
Laurentian margin rocks to the east and northwest by faults and oceanic crustal slivers of 
the Slide Mountain terrane. These five terranes are categorised as belonging to the 
Intermontane terranes, which allochthonously overlie para-autochthonous Laurentian 
margin rocks (Monger et al., 1982). To the west, the Intermontane terranes are separated 
from the Insular terranes of Alexander and Wrangellia by the Denali fault and the laterally 
extensive Coast Plutonic Complex.  
The Yukon Tanana terrane likely originated along the rifted and attenuated margin 
of western Laurentia during the late-Proterozoic to mid-Paleozoic, as Laurentian margin 
rocks of this age share many characteristics with the terrane’s basement – the Snowcap 
assemblage (Colpron et al., 2006b; Goodfellow et al., 1995; Mortensen et al., 2006; 
Nelson et al., 2006). Following the onset of east-dipping subduction beneath Laurentia in 
the Devonian (Gabrielse, 1967), the Snowcap assemblage was the locus for extensive arc 
magmatism, which is recorded, in part, by the Finlayson assemblage (Colpron et al., 
2006b). Arc magmatism was coeval with back-arc marine sedimentation and mafic 
volcanism in Slide Mountain terrane to the east, between Yukon Tanana terrane and 
Laurentia (Colpron et al., 2006b). Templeman Kluit (1976) and Nelson et al. (2006) 
attribute the opening of Slide Mountain ocean to rollback of the subducting Panthalassic 
slab, thereby rifting proto-Yukon Tanana terrane away from the continent. From Late-
Devonian to middle-Permian time, an elongate chain of west-facing island arc terranes, 
comprising Stikina in the north and Quesnellia in the south, are inferred to have developed, 
at least in part, upon Yukon Tanana terrane (Colpron et al., 2007; Nelson et al., 2006). 
Cache Creek terrane formed the arc’s accretionary complex to the west, whereas to the 
east the Slide Mountain ocean separated the arc complex from the Laurentian margin 
(Colpron et al., 2007; Nelson et al., 2006).  
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By the mid-to-late Permian, the Slide Mountain ocean began to collapse via west-
dipping subduction beneath Yukon Tanana terrane (Beranek and Mortensen, 2011; 
Creaser et al., 1999; Erdmer et al., 1998; Mortensen, 1992; Murphy et al., 2006).  This 
event is recorded in an east-facing arc (i.e. Klondike assemblage) and forearc in eastern 
Yukon Tanana terrane (Creaser et al., 1999; Erdmer et al., 1998; Mortensen, 1992; 
Murphy et al., 2006). Western and northern parts of the Yukon Tanana terrane in Yukon 
and Alaska record late Permian mid-crustal deformation and metamorphism, although 
there is contention as to whether this event reflects intra-oceanic arc thickening, or 
collision of the terrane with Laurentia (Beranek and Mortensen, 2011; Berman et al., 
2007). By the Early Triassic, parts of eastern Yukon Tanana terrane had (at least locally) 
re-accreted to the Laurentian margin, suggested by the presence of Early Triassic foreland 
basin deposits that contain Yukon Tanana derived detrital zircons (Beranek and 
Mortensen, 2011).  
Mihalynuk et al. (2004; 1994) interpret the clothes-pin geometry of Yukon Tanana 
terrane to reflect Late Triassic – Early Jurassic counter-clockwise rotation (oroclinal 
bending) of the western prong of the terrane, along with Stikinia, culminating in the 
entrapment of the Cache Creek accretionary complex (Cordey et al., 1987). This model 
also explains the presence of fossilised Permian fauna of Tethyan affinity within parts of 
Cache Creek terrane – which require Cache Creek to have resided outboard (to the west) 
of the Yukon-Tanana, Stikine and Quesnel arcs in the late Paleozoic (Monger and Ross, 
1971). Alternative explanations include strike-slip duplication of terranes, or the over-
thrusting of Cache Creek terrane (e.g. Samson et al., 1991; Wernicke and Klepacki, 1988). 
However, the oroclinal bend model appears to be more consistent with regional geological 
relationships and, therefore, has been most often cited in recent literature (e.g. Colpron et 
al., 2015; Johnston, 2001; Nelson and Colpron, 2007; Nelson et al., 2013).  
Regardless of whether or not the current configuration of the Intermontane 
terranes reflect an oroclinal closure, there is evidence for significant Late Triassic and 
Early Jurassic tectonism in the northern Canadian Cordillera. High-pressure, earliest 
Jurassic burial of Yukon Tanana terrane is indicated by monazite U-Pb ages and garnet 
petrology from the Stewart River region (Berman et al., 2007). At other localities in the 
western prong of Yukon Tanana terrane, cross-cutting  relationships between ductile 
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structures and plutons indicate latest Triassic – earliest Jurassic burial (Hood, 2012; Tafti 
and Mortensen, 2003). However, these data may not be representative of the entire 
terrane. Although most studies infer or suggest that regional burial occurred during the 
Late Triassic to Early Jurassic (e.g. Colpron et al., 2015; Dusel-Bacon et al., 2002; 
Johnston et al., 1996), more data are required to confirm such a hypothesis. Widespread 
Early Jurassic exhumation of the Yukon Tanana terrane from the mid-crust is indicated by 
shallow pluton emplacement into deeply exhumed rocks, 40Ar/39Ar cooling ages in 
hornblende and mica, regional extensional faulting, and the erosion of exhuming plutons 
into the Whitehorse trough (Colpron et al., 2015; Dusel-Bacon et al., 2002; Hansen et al., 
1991; Johnston and Erdmer, 1995a; Knight et al., 2013).  
By the Middle Jurassic, the Insular terranes were beginning to accrete to western 
Yukon Tanana and Stikine terranes (Gehrels, 2001; Nelson et al., 2013; Saleeby, 2000). 
Ongoing convergent margin tectonism resulted in continued deformation and 
metamorphism of parts of eastern Yukon Tanana terrane, and the emplacement of the 
160-145 Ma portion of the Coast Plutonic complex (Armstrong, 1988; Nelson and Colpron, 
2007; Staples et al., 2016). However, a shift from transpressional to transtensional 
tectonics in the Late Cretaceous and Cenozoic led to diminished arc-magmatism, 
widespread extension and exhumation, and dissection of the Canadian Cordillera by 
numerous right-lateral faults (Engebretson et al., 1985; Monger and Price, 2002; Parrish 
et al., 1988).  
3.3.1. Aishihik Lake geological framework 
The Aishihik Lake region is located within the western prong of the Yukon Tanana 
terrane, about 150 km northwest of Whitehorse (Figure 3.2). Much of the region is 
underlain by polydeformed, amphibolite-facies schist, marble, amphibolite, quartzite and 
meta-igneous rocks which continue to the northwest into west-central Yukon, and 
southeast into British Columbia (Johnston and Timmerman, 1997; Tempelman-Kluit, 
1974). These rocks have been correlated with the Snowcap and Finlayson assemblages 
of the Yukon Tanana terrane on the basis of their composition and age (Israel et al., 2011). 
In this study they are interpreted to belong to the Snowcap assemblage based on their 
lithological and detrital zircon characteristics (see Chapter 2). In the Aishihik Lake region, 
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the Snowcap assemblage was intruded by Mississippian and Permian plutons of the 
Sulphur Creek and Simpson Range suites, respectively (see Chapter 2; Figure 3.2; 
Johnston et al., 1996; Joyce et al., 2016). Amphibolite-facies rocks in the Aishihik Lake 
region were also intruded by the 190-180 Ma Aishihik batholith of the Long Lake suite to 
the northeast, and the Paleogene Ruby Range suite to the southwest (Israel et al., 2011; 
Johnston and Erdmer, 1995b; Joyce et al., 2016). Numerous small intrusions of the Ruby 
Range suite crop-out throughout the area, whereas the Aishihik batholith comprises a 
single, east-dipping, lopolith-shaped body that tapers out to the west, near the eastern 
shore of Aishihik Lake (Johnston and Erdmer, 1995b). The abundance of miarolitic 
cavities, brittle emplacement structures, and nearby coeval extrusive rocks suggests that 
outcroppings of the Ruby Range batholith in the Aishihik Lake region were emplaced at 
shallow crustal levels (Israel et al., 2011). The emplacement depth of the Aishihik batholith 
is more contentious (see below). 
Amphibolite-facies rocks in the Aishihik Lake region record multiple episodes of 
deformation. Johnston (1993) interprets inclusion trails in garnet porphyroblasts in the 
Aishihik Lake region as an S1 fabric of unknown age. The main regional fabric (S2) is 
defined by a penetrative schistosity, axial surfaces of isoclinal folds and transposed 
lithological boundaries (Johnston, 1993). Overall, S2 dips gently to the northeast. The initial 
age of S2 is uncertain, although its parallelism with the margin of the Aishihik batholith 
suggests it is, at least in part, Early Jurassic in age (Johnston, 1993). Less penetrative, 
upright, north-trending folds represent a third deformation event, D3 (Johnston, 1993). F3 
structures fold the Early Jurassic Aishihik batholith, whereas they are crosscut by the 
Paleogene Ruby Range batholith (Johnston, 1993). 
Johnston and Erdmer (1995a) attribute much of the amphibolite-facies 
metamorphism in the Aishihik Lake region to the post-S2 intrusion of the Aishihik batholith 
at depths of ~30 km. This interpretation reflects the apparent presence of a kyanite-
bearing metamorphic aureole; magmatic epidote within the batholith itself; and ca. 185 Ma 
metamorphic titanite found near the batholiths margin (Johnston and Erdmer, 1995a). 
However, recent Al-in-hornblende barometry suggests that the Aishihik batholith was 
emplaced at much shallower depths of around 12-15 km (Topham, 2015). Results 
presented later in this chapter reconcile these discrepancies. 
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Figure 3.2: Simplified regional geology of Aishihik Lake, after Colpron et al. (2016b) 
and Israel et al. (2011), showing locations of detailed maps (dashed 
boxes), and metamorphic isograds. Ages from Israel et al. (2011) and 
Joyce et al. (2016). A schematic cross-section from A-B is shown in 
Figure 2.7. Note that some unit colours have been changed from 
those of the detailed maps in Appendix A to improve this diagram’s 
clarity. Extent of Simpson Range suite is uncertain.  
Miarolitic cavities in Early Jurassic plutons that intruded the Aishihik batholith 
suggest that the metamorphic infrastructure in the Aishihik Lake region was exhumed to 
shallow crustal levels in the Early Jurassic (Johnston and Erdmer, 1995a). This 
interpretation is consistent with data from other Early Jurassic plutons in Yukon, and 
depositional and detrital zircon evidence from the Whitehorse trough (Colpron et al., 2015; 
Hood, 2012; Tafti and Mortensen, 2003). Numerous Early Jurassic K-Ar and 40Ar/39Ar 
analyses in Yukon are also thought to date regional uplift of Yukon Tanana terrane, 
although no Early Jurassic ages have been obtained from near Aishihik Lake (Joyce et 
al., 2015; Knight et al., 2013). Several biotite and hornblende K-Ar ages from the Aishihik 
batholith record cooling around 166 – 164 Ma (Tempelman-Kluit and Wanless, 1975). 
Johnston et al. (1996) interpret these data to represent a subsequent exhumation following 
crustal thickening associated with D3.  
3.4. Methods and results: Mapping, petrography and 
microstructure 
Field mapping conducted during this study, and petrographic analysis of over 30 
thin sections, reveals that rocks of the Yukon Tanana terrane in the Aishihik Lake region 
are penetratively deformed and metamorphosed to amphibolite-facies conditions on a 
regional scale (Figure 3.3 A). In addition to establishing field isograds, metamorphic index 
mineral locations are described relative to the Aishihik batholith to examine their possible 
relationship to a contact aureole (see discussion below).  
Metapelitic rocks throughout the study area in the Aishihik Lake region contain 
abundant garnet, plagioclase, biotite, muscovite and quartz. Fibrolitic sillimanite also 
occurs in metapeltic rocks within 10-13 km of the western margin of the Aishihik batholith, 
whereas staurolite and kyanite occur regionally in pelitic rocks, but are absent within 5-9 
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km of the batholith (Figure 3.2). Abundant kyanite was found in one sample over 25 km 
from the Aishihik batholith. Based on the distribution of the index minerals throughout the 
study area, two field isograds were established (Figure 3.2). However, there is insufficient 
data with which to constrain the dip of mineral isograd surfaces. Also note that there are 
few data with which to constraint the map pattern of these isograds, and that their 
parallelism with the western margin of the Aishihik batholith is not necessarily implied. The 
amphibolite-facies metamorphic assemblage continues further to the north and southeast. 
It probably continued further to the west, but is now truncated by the Ruby Range batholith. 
Any contact metamorphism associated with the Ruby Range batholith is minor and 
generally restricted to a zone within several hundred metres of the batholith.   
Garnet grains from the study area are sub-rounded to euhedral, although the three 
easternmost samples collected contain the most rounded garnet. Garnet diameters vary 
from several millimetres to several centimetres, but average 5-10 mm (e.g. Figure 3.3 B). 
Garnet is commonly rimmed by biotite and, where present, fibrolitic sillimanite. Fibrolitic 
sillimanite also occurs as a matrix phase, and occasionally rims staurolite (Figure 3.3 C 
and D). Sillimanite in contact with kyanite was not observed. Although staurolite and 
kyanite share rare grain boundaries (Figure 3.3 E), they generally occur as isolated 
porphyroblasts. Both phases are equally preserved and are equally aligned with respect 
to the main S2 foliation, making it difficult to judge their relative age. Rare chlorite 
overprints biotite, often in the vicinity of garnet (Figure 3.3 F). The distribution of chlorite 
is heterogeneous, however, and it is interpreted as a retrograde phase. Matrix accessory 
phases include tourmaline, monazite, zircon, ilmenite (with rare cores of rutile; Figure 3.3 
F) and apatite. Ilmenite, apatite, and rare allanite and rutile are included in garnet, and in
some samples ilmenite and rutile are also included in staurolite and kyanite (Figure 3.3 E)
No evidence of partial melting was observed in samples collected for this study.
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Figure 3.3: Photograph and photomicrographs of Aishihik Lake metapelites. A) 
Foliated quartzite and Grt schist with prominent S2 fabric folded by F3. 
B) Sil-St-Ky-Grt-Pl-Ms-Bt-Qtz schist (Sample 31-07) showing S2 
foliation wrapping around Grt and Ky. Textures indicate that Grt had 
partially broken down to Sil, which also wraps around Grt. C) Folded 
Grt-Sil-Bt-Pl-Ms-Qtz schist (sample 14-007). D) Textures indicate that 
St had partially broken down to Sil (Sample 30-02). E) Image shows 
Ky and St sharing a grain boundary. Both contain rutile inclusions. F) 
Garnet porphyroblast containing slightly curved Qtz and Ilm inclusion 
trails, interpreted as S1, which are discordant with the main matrix 
fabric, S2. Note the large matrix Rt grain rimmed by Ilm, and the 
retrograde Chl. Mineral abbreviations after Kretz (1983). 
Garnet, staurolite and kyanite all overprint a fabric (S1) which is defined by 
inclusions of quartz ribbons, ilmenite and graphite that, in garnet, locally become curved 
towards porphyroblast rims. This fabric is often discontinuous between garnet rims and 
the trace of the foliation in the rock matrix (Figure 3.3 F). The dominant fabric present in 
all samples (S2; e.g. Figure 3.3 A and B) dips regionally to the east and is defined by 
lithological boundaries, penetrative schistosity in mica rich rocks, fibrolitic sillimanite and 
plagioclase ribbons. Staurolite and kyanite are also aligned within S2. S2 in this study is 
interpreted as a composite foliation, correlative with S2 of Johnston and Erdmer (1995b), 
which includes remnant bedding surfaces (S0) that may have been transposed (D1?) long 
before the main phase of metamorphism occurred in the Aishihik Lake region. S2 is 
intimately associated with the amphibolite-facies metamorphic assemblage described 
above and here defined as M2. S2 clearly wraps around garnet, yet shows more subtle 
deflection around kyanite and staurolite (Figure 3.3 B). In most samples, S2 is regionally 
deformed by approximately northwest-trending, east-verging folds (F3; Figure 3.3 A and 
C). These folds are interpreted to be equivalent to Johnston and Erdmer’s (1995b) F3 
structures. See Chapter 2 for a more complete description and discussion of structural 
features in the Aishihik Lake region.  
3.5. Quantitative thermobarometry 
A note on conventional thermobarometry 
 Quantitative analyses of garnet, plagioclase, biotite and muscovite from six 
samples (discussed below) were performed using an electron microprobe at the University 
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of Massachusetts in order to obtain conventional thermobarometric estimates of P and T 
during metamorphism. The software WinTWQ (Berman, 2007) was used, along with the 
included thermodynamic database. However, although T estimates were relatively 
consistent, P results varied from 6 to over 14 kbar. Pseudosection modelling (see below) 
indicates that pressures over ~8 kbar are unreasonable for rocks in the Aishihik Lake 
region, given the mineral assemblages present. Furthermore, the complex textures and 
mineral assemblages present make it prohibitively difficult to evaluate the causes of such 
a high range in pressure estimates, most of which appear to be unrealistically high. 
Therefore, P-T estimates obtained from conventional thermobarometry are not presented 
here. Although some of these results may be accurate, distinguishing between accurate 
and inaccurate results in these dataset is beyond the scope of this thesis.   
3.5.1. Garnet Chemistry 
Six metapelitic samples from amphibolite-facies rocks distributed throughout the 
study area were selected for quantitative analysis. Sample locations are shown in Figure 
3.2. Numerous saw cuts were made through each sample and the largest garnet cross-
sections were chosen for thin-sectioning in an attempt to sample the centre of the garnet 
porphyroblasts. Garnet were chemically mapped for Ca, Mn and Mg, and analysed 
quantitatively along core-rim traverses with an analysis spacing of 25 – 100 μm, depending 
on the size of garnet. All analyses were performed on a Cameca SX-50 electron 
microprobe at the University of Massachusetts, operating in wavelength-dispersive mode 
and using common standards. X-ray maps are shown in Figure 3.4. Representative 
quantitative analyses are shown in Figure 3.5 and Table 3-1, with operating conditions for 
quantitative analyses listed in the Table. Conditions during X-ray mapping were as follows: 
beam current, 200 nA; excitation voltage, 15 kV; peak count time, 40 ms; step size, 7 – 23 
μm.  
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Figure 3.4: Major element X-ray maps of garnet collected from the Aishihik Lake 
area. Lighter/warmer colours indicate a higher concentration of each 
element. Colours on each X-ray are scaled independently. Dashed 
lines show the locations of quantitative electron microprobe 
traverses. All scale bars are 1 mm. 
All garnet analysed feature concentric chemical zoning broadly characterised from 
core to rim by decreasing Mn, increasing Fe, Mg and Mg/(Fe + Mg), and flat or decreasing 
Ca – trends consistent with fractional crystallisation during prograde growth (Hollister, 
1966; Spear et al., 1990). The flat grossular zoning suggests that at least some garnet 
grew during increasing pressure, assuming a clockwise P-T path, as grossular isopleths 
near the garnet-in reaction often have a steep positive gradient (e.g. Spear et al., 1990). 
Garnet isopleth modelling confirms this – see below. There is no indication that garnet 
grew during more than one metamorphic event – chemical zoning is continuous and 
concordant with euhedral rims, and there are no textural discontinuities. All garnet rims 
have elevated concentrations of Mn, suggestive of  garnet dissolution via retrograde net-
transfer reaction(s) (Spear, 1991). These reactions appear to have progressed more in 
the east, as garnet crystals from samples closer to the Aishihik batholith (samples 31-07 
and 14-007) have rounded morphologies, more deeply penetrating Mn diffusion profiles, 
and are surrounded by a greater quantity of biotite and sillimanite, which appear to have 
grown as a product of garnet breakdown (e.g., Figure 3.3 C). 
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Figure 3.5: Garnet end-member concentrations from core to rim for sample 43-02 
(top) and 30-02 (bottom), and photomicrographs indicating location 
of electron microprobe traverses. Analyses that clearly sampled 
inclusions have been omitted, which unfortunately includes the rim 
point in sample 30-02. Mg# = Mg/(Mg + Fe). 
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Table 3-1: Core and rim garnet compositions measured by EPMA. All analyses were 
obtained in wavelength-dispersive mode under the following 
conditions: beam current 20 nA; acceleration voltage 15 kV; peak 
count time 20 sec; background count time 10 sec; focused spot 
diametre. Cations normalised on the basis of 12 oxygen. 
Sample 43-02 30-02
Grt Core Grt Rim Grt Core Grt Rim 
Point on transect 1 34 1 39 
Oxides (wt%) 
FeO 31.33 33.45 29.77 35.17 
MgO 1.51 3.19 0.86 2.8 
MnO 4.77 0.25 3.84 0.12 
CaO 3.87 4.29 7.54 3.58 
Na2O 0.1 0 0.01 0.01 
K2O 0.01 0.02 0 0 
TiO2 0.06 0.05 0.1 0.08 
Fe2O3 0 0 0 0 
Al2O3 21.28 21.45 21.3 21.54 
SiO2 36.89 37.74 36.52 36.48 
Total 99.81 100.44 99.93 99.79 
Cations 
Fe 2.121 2.223 2.014 2.373 
Mg 0.182 0.378 0.103 0.337 
Mn 0.327 0.017 0.263 0.008 
Ca 0.336 0.366 0.653 0.31 
Na 0.016 0 0.001 0.002 
K 0.001 0.002 0 0 
Ti 0.004 0.003 0.006 0.005 
Fe 0 0 0 0 
Al 2.03 2.009 2.031 2.048 
Si 2.986 2.998 2.954 2.944 
Mg/(Fe+Mg) 0.0792 0.1454 0.0488 0.1243 
Alm 0.7151 0.7451 0.6637 0.7837 
Pyr 0.0615 0.1268 0.0341 0.1112 
Sps 0.1102 0.0055 0.0868 0.0028 
Grs 0.1132 0.1226 0.2153 0.1023 
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3.5.2. Isochemical phase diagrams 
Isochemical phase diagrams were constructed to constrain the metamorphic 
conditions (pressure and temperature) experienced by rocks in the Aishihik Lake region, 
and to evaluate and interpret results from garnet isopleth thermobarometry (see below; 
Figures 3.6 – 3.9).  Thermodynamic modelling was done in the system MnO-Na2O-CaO-
FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 using the Gibbs free-energy minimization software 
THERIAK/DOMINO (de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010) and 
version ds5.5 of the internally consistent database of Holland & Powell (1998). The 
following solution models were used: muscovite (excluding margerite) (Coggon and 
Holland, 2002); feldspar (Holland and Powell, 2003); garnet and biotite (White et al., 
2005); ilmenite-hematite (White et al., 2005; White et al., 2000); spinel (White et al., 2002); 
chlorite, cordierite, chloritoid, staurolite and epidote (Holland and Powell, 1998); melt 
(White et al., 2007). Garnet, biotite, staurolite, chloritoid, chlorite and cordierite were 
extended to the Mn-bearing system as in Tinkham et al. (2001). All other phases were 
treated as pure. Although a pure H2O fluid is an approximation of the actual fluid 
composition, Tinkham and Ghent (2005) reported only minor phase boundary differences 
(less than 10 °C) between models which used either pure H2O or a mixed fluid at 
conditions close to what we observed in this study (7 kbar and 650 °C). Bulk-rock 
compositions were determined from fusion-ICP analysis of representative thin-section 
offcuts and are listed in Table 3-2. P2O5 was eliminated from the bulk-rock composition by 
projecting from apatite. To maintain consistency with the garnet and biotite solution 
models of White et al. (2005), a small amount (0.01 mol%) of Fe2O3 was added to the 
modelled bulk-rock composition, as the prevalence of ilmenite in these rocks suggests 
that they are reduced.  
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Table 3-2: Bulk compositions obtained from Fusion ICP, and cation 
concentrations used for modelling. Grt rim concentrations obtained 
by fractionating garnet from the original bulk rock composition. A 
nominal amount of Fe3+ was added to the system. Excess H was 
added. O was calculated stoichiometrically. Cation concentrations 
are projected from apatite. 
Sample 43-02 30-02 43-02 30-02
Grt Rim 
Pt 34 
Grt Rim 
Pt 39 
Oxides (wt%) 
SiO2 49.28 60.48 
Al2O3 24.26 19.33 
Fe2O3 9.03 8.57 
MnO 0.1 0.09 
MgO 3.41 2.33 
CaO 0.66 0.79 
Na2O 1.27 0.77 
K2O 6.28 4.96 
TiO2 1.253 0.897 
P2O5 0.26 0.07 
Y (ppm) 54 24 
Cations (mol%) 
Si 47.98 58.54 44.56 55.04 
Al 27.84 22.05 25.56 19.71 
Fe2+ 7.35 6.94 4.77 4.25 
*Fe3+ 0.01 0.01 0.01 0.01 
Mn 0.08 0.07 0.0001 0.0001 
Mg 4.95 3.36 4.63 3.11 
Ca 0.69 0.82 0.25 0.33 
Na 2.40 1.44 2.40 1.44 
K 7.80 6.12 7.80 6.12 
Ti 0.92 0.65 0.92 0.65 
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3.5.3. Garnet isopleth thermobarometry 
P-T Constraints from garnet core compositions
To constrain metamorphic conditions during garnet nucleation, measured 
endmember isopleths from garnet cores (taken as the point along the traverse with the 
highest Mn concentration; Hollister, 1966) were modelled in P-T space using 
THERIAK/DOMINO and measured bulk-rock compositions. This technique is analogous 
to previous studies involving garnet isopleth thermobarometry (e.g. Evans, 2004; Gaidies 
et al., 2006; Kelly et al., 2015; Menard and Spear, 1993; Moynihan and Pattison, 2013; 
Staples, 2014; Vance and Mahar, 1998). The following assumptions are used in the 
modelling: garnet grew under equilibrium conditions, solution models and thermodynamic 
databases are accurate, measured bulk-rock compositions are representative of the 
composition from which garnet grew, and garnet cores were accurately sampled, retain 
their original chemistry and represent the earliest stages of garnet growth in the sampled 
rock volume.  
Garnet core isopleths from samples 43-02 and 30-02 are shown in Figure 3.6 and 
Figure 3.7, respectively, against background phase diagrams calculated for each sample’s 
measured bulk-rock composition. These samples were selected as they are located a 
significant distance from each other and the Aishihik batholith, contain reasonably well 
preserved garnet and key indicator minerals, and thermodynamic modelling of their bulk-
rock and garnet compositions produced the most meaningful results (see below). Detailed 
garnet and bulk-rock chemistry, and model results, for all six samples are shown in 
Appendix C. 
Sample 43-02 contains quartz, kyanite, staurolite, garnet, plagioclase, biotite, 
muscovite and ilmenite. Sample 30-02 contains quartz, kyanite, staurolite, garnet, 
plagioclase, biotite, muscovite, ilmenite, sillimanite. Although there are inclusions of rutile 
in staurolite in Sample 30-02, these grains are interpreted as detrital (see discussion 
below). Mineral characteristics and relationships in both Sample 43-02 and 30-02 are as 
described in Section 3.4. 
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Figure 3.6: Isochemical phase diagram for sample 43-02. Measured garnet core 
isopleths are shown. Numbered assemblages on diagram are as 
listed. Mineral abbreviations after Kretz (1983).
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Spessartine, grossular and almandine isopleths measured from the core of garnet 
from sample 43-02 intersect tightly around 555 °C and 4.9 kbar. The near vertical pyrope 
isopleth passes ~10 °C to the left of this point, however. The absence of a single 
intersection point is interpreted to reflect an inaccurate bulk-rock composition and/or a 
failure to sample the true core of an early garnet. It is also important to note that the pyrope 
isopleth spacing (not shown) is much greater than that of the other garnet endmembers, 
making it much more susceptible to error. In contrast to sample 43-02, all four endmember 
isopleths from the core of garnet from sample 30-02 intersect tightly at 525 °C and 5.1 
kbar. Garnet core isopleths from other samples (not shown) also indicate similar P-T 
conditions (~5 kbar and 500-550 °C) for the initial stages of garnet growth. P-T 
discrepancies between samples are well within expected errors (Kohn and Spear, 1991; 
Powell and Holland, 2008). In addition, due to variations in sample bulk chemistry, garnet 
is not expected to have nucleated at identical P-T conditions in different samples. The 
variation in temperature between sample 43-02 and 30-02 is consistent with the higher 
temperature garnet-in line calculated for the bulk composition of sample 43-02.  
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Figure 3.7: Isochemical phase diagram for sample 30-02. Measured garnet core 
isopleths are shown. Numbered assemblages on diagram are as 
listed. Mineral abbreviations after Kretz (1983).
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Notably, all garnet core isopleths from all samples intersect at higher metamorphic 
grades than what is predicted by equilibrium thermodynamics for each bulk composition. 
It is unlikely that this is due to diffusional modification of garnet zoning following the growth 
of entire garnet crystals, as most garnets analysed were both relatively large (>4 mm 
diameter), and come from samples whose petrology suggests exposure to temperatures 
of no greater than 650 °C (see below), thereby limiting their susceptibility to diffusional re-
equilibration (Chakraborty and Ganguly, 1992). Some diffusion may have occurred during 
the early stages of garnet growth, when crystal size was minimal. However, any significant 
diffusion would have preferentially displaced the spessartine isopleth relative to the other 
garnet endmembers, which was not observed in any samples analysed. Further 
explanations for the discrepancy between core isopleth intersections and modelled 
garnet-in reactions include that the thin-section from which garnet was analysed did not 
intersect the true core of the garnet, and/or that the measured bulk composition does not 
represent that from which the garnet grew. However, workers using X-ray tomography to 
ensure sample homogeneity and true sampling of garnet cores document similar 
discrepancies (Gaidies et al., 2015). Therefore, despite the likelihood that significant 
quantities of equilibrium promoting fluid would have been released during prograde 
metamorphism of these samples, we attribute at least some of the discrepancy between 
isopleth intersection points and garnet-in isograds to reaction overstepping (e.g., Pattison 
et al., 2011).  
P-T Constraints from compositions outside of garnet cores
The preservation of prograde chemical zonation in garnet from Aishihik Lake 
implies that chemical components were progressively fractionated inside garnet during 
metamorphism, thereby leading to changes in the equilibrium (or effective) bulk-rock 
composition during garnet growth (Hollister, 1966). Thus, isopleths of endmember 
compositions analysed progressively further away from garnet cores are expected to fail 
to intersect at a point when modelled using the initial bulk-rock composition (e.g. Gaidies 
et al., 2006; Moynihan and Pattison, 2013). Therefore, to precisely model measured 
endmember isopleth values, an effective bulk-rock composition needs to be calculated for 
successive points along each garnet transect. This can be accomplished by determining 
the amount and composition of garnet grown between each point and then successively 
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removing it from previously calculated bulk-rock compositions (e.g. Evans, 2004; Florence 
and Spear, 1991; Tinkham and Ghent, 2005).  
For this study, the approach of Moynihan and Pattison (2013) was followed. Their 
method involves the use of a Matlab routine and the THERIAK program, along with a 
relevant thermodynamic database (see above), to construct a P-T path. The Matlab 
routine iteratively finds the best-fit between measured garnet endmember compositions at 
each point along a garnet traverse and those compositions that are predicted, or modelled, 
during simulated growth along possible P-T trajectories, thereby constraining a P-T path 
for garnet growth. By tracking the amount of garnet grown between each point and 
removing it from the measured bulk-rock composition (calculated by THERIAK), an 
effective bulk-rock composition is obtained for each point along the traverse (Moynihan 
and Pattison, 2013). Recent studies (Kelly et al., 2015; Vrijmoed and Hacker, 2014) have 
also used this method to reconstruct detailed P-T paths from chemically zoned garnet. 
Assumptions additional to those listed above include: 1) 100% garnet fractionation 2) each 
increment of garnet growth reflects the equilibrium composition of the constantly changing 
effective bulk-rock composition, and 3) no diffusional exchange occurred between rim and 
matrix following each increment of growth. While acknowledging that overstepping of the 
garnet isograd almost certainly occurred in our samples, no signs of disequilibrium after 
garnet nucleation were observed (e.g., patchy or non-concentric zoning; Keller et al., 
2007; Spear and Daniel, 2001).  
As Mn partitions strongly into garnet, spessartine concentrations diminish towards 
garnet rims and so become increasingly sensitive to errors in any of the previously listed 
assumptions. Therefore, when modelled spessartine values dropped below 0.05 and 0.01, 
in samples 43-02 and 30-02, respectively, P-T points were calculated using only the 
intersections of almandine, grossular and pyrope isopleths. Also, the outermost rims of 
garnet (<50 μm thick; Figure 3.4), which had clearly been affected by back-diffusion of 
Mn, were excluded. Paths calculated for garnet from samples 43-02 and 30-02 are shown 
in Figures 3.8 and 3.9, respectively, along with endmember isopleths and isochemical 
phase diagrams corresponding to the final stages of garnet growth. Profiles of both the 
measured and modelled garnet compositions are shown in Figure 3.10. A table of 
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modelled changes in P, T, garnet chemistry and effective bulk-rock composition for each 
point along garnet traverses are listed in Appendix C.  
65 
Figure 3.8: Isochemical phase diagram for sample 43-02 corresponding to the late 
stage of garnet growth. Black circles and connecting segments 
represent modelled isopleth endmember compositions and the 
calculated P-T path. Filled red circles and red lines correspond to 
modelled and measured isopleth compositions respectively. Grt-in 
line and Grt core isopleths are shown for reference. The shaded 
region corresponds to the inferred peak P-T conditions of this 
sample, which contains Ky+St, yet lacks any sign of melt, Sil, or Rt. 
Thick blue dashed line indicates the inferred P-T path for this 
sample. See text for details. Numbered assemblages on diagram are 
as listed. Mineral abbreviations after Kretz (1983). 
Results shown in Figure 3.8 indicate that garnet from sample 43-02 grew over a 
trend of increasing pressure and temperature following nucleation, until around 590 °C 
and 6.9-7.0 kbar. The modelled P-T path is consistent with the garnet’s homogenous 
grossular concentration, which requires a steady pressure increase during prograde 
metamorphism (grossular isopleths are not shown). Towards the garnet rim, forward 
modelled isopleth intersections differ from isopleths constructed using measured 
endmember compositions by around 0.2 kbar and 5 °C. This may reflect an error in any 
of the assumptions listed above.  
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Figure 3.9: Isochemical phase diagram for sample 30-02 corresponding to the late 
stage of garnet growth. Black circles and connecting segments 
represent modelled isopleth endmember compositions and the 
calculated P-T path. Filled red circles and red lines correspond to 
modelled and measured isopleth compositions respectively. Grt-in 
line and Grt core isopleths shown for reference.  Shaded region 
corresponds to the inferred peak P-T conditions of this sample, 
which contains Ky+St, yet lacks any sign of melt. Thick blue dashed 
line indicates inferred P-T path for this sample. See text for details. 
Numbered assemblages on diagram are as listed. Mineral 
abbreviations after Kretz (1983). 
Modelling of garnet from sample 30-02 (Figure 3.9) suggests that following garnet 
nucleation the temperature increased along a broadly isobaric trend (~5.1 kbar) until 
around 560 °C, then continued to increase with increasing pressure until at least 6.2 kbar 
and 600 °C. Measured isopleths for point 34 (out of 36) along the garnet transect intersect 
tightly and are almost identical to modelled endmember compositions (the modelled 
endmember intersection point is shown by the red-filled circle). Furthermore, the P-T 
points are consistent with the modelled staurolite-in curve; near where garnet growth 
ceases.  
Modelling indicates that both sample 43-02 and 30-02 experienced a similar P-T 
history during garnet growth above temperatures of ~550 °C. However, garnet from 
sample 43-02 does not record the lower-grade, isobaric temperature increase recorded 
by sample 30-02. Nevertheless, these results are still consistent with a single P-T path. 
This is because modelling using sample 43-02’s bulk composition does not predict that 
garnet would grow during the P-T conditions recorded by garnet in sample 30-02 below 
~550 °C.  
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Figure 3.10: Modeled vs observed (measured) garnet composition. Dashed lines are 
modelled values. 
3.5.4. Constraints on the overall P-T paths 
Pseudosection modelling data constrain the peak metamorphic conditions 
experienced by samples 43-02 and 30-02 to the hatched fields in Figure 3.8 and Figure 
3.9. These fields reflect the peak metamorphic mineral assemblages of both samples, 
which are interpreted to have included quartz, kyanite, ilmenite, plagioclase, biotite, 
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muscovite and garnet. Note that the absence of garnet in the peak assemblage field in 
Figure 3.8 reflects the intentional removal of garnet from the modelled bulk rock 
composition in order to more accurately model mineral stability at peak metamorphic 
grades - the majority of garnet is predicted to have remained stable during the thermal 
peak of metamorphism for samples 43-02 and 30-02. Sillimanite in sample 30-02 is 
interpreted as retrograde as it is less abundant than staurolite and kyanite and texturally 
post-dates both phases, and appears to be growing at the expense of garnet. Staurolite 
in sample 30-02 contains rutile, which is predicted to grow in this sample at low 
temperatures and/or high pressures. However, it is difficult to envisage a P-T path where 
high-pressure rutile is included in staurolite. As there are no other indicators that sample 
30-02 experienced pressures above ~7 kbar, rutile in sample 30-02 is interpreted either 
as detrital, or to have grown at low temperature early in the sample’s metamorphic history. 
The absence of evidence for partial melting is also used here to constrain the peak 
metamorphic conditions experienced by samples 43-02 and 30-02. Although an inability 
to measure H2O renders the position of the melt-in curves suspect, the preservation of 
staurolite and kyanite, and the lack or minor abundance of sillimanite indicates that this 
sample did not experience temperatures significantly above ~650°C.  
Although both samples 43-02 and 30-02 contain prograde staurolite, modelling 
from this study and others (e.g. Pattison et al., 2011) suggests that most staurolite should 
react out of pelites undergoing Barrovian metamorphism shortly after kyanite nucleation. 
However, this belies the widespread occurrence of both phases in the Aishihik Lake 
region, including in samples 43-02 and 30-02. Therefore, staurolite is interpreted to have 
persisted as a metastable phase into the kyanite stability field during peak metamorphic 
conditions experienced by both samples. This interpretation is supported by the sluggish 
reaction affinity which would have driven the breakdown of staurolite to kyanite, allowing 
the former phase to persist to a higher metamorphic grade (Pattison et al., 2011).  
For both sample 43-02 and 30-02, peak pressures and temperatures recorded by 
garnet isopleth thermobarometry were less than those obtained using modelled peak 
assemblage stability fields (i.e. the final P-T point recorded by garnet is far outside the 
hatched field in Figure 3.8 and Figure 3.9). However, the P-T paths drawn in both figures 
linking the P-T points obtained from garnet isopleth thermobarometry and pseudosection 
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modelling are consistent, simple and tectonically realistic. Furthermore, between the final 
P-T points recorded by garnet and the estimated peak conditions (hatched fields) the P-T 
paths in Figure 3.8 and Figure 3.9 mostly parallel garnet molar isopleths (which are not 
shown, but are parallel to the garnet-in lines on both diagrams). Thus, for the P-T paths 
proposed for both samples, it would be expected that no significant amount of garnet 
would have crystallised at temperatures and pressures above those that were obtained 
from garnet isopleth thermobarometry. In addition, any small quantity of garnet which did 
crystallise would have been highly susceptible to subsequent dissolution during 
decompression.  
The absence of sillimanite in sample 43-02 restricts the initial stages of the 
retrograde P-T path to conditions above that of the sillimanite stability field (see Figure 
3.8). In contrast, the presence of sillimanite in sample 30-02 is consistent with a steeper 
retrograde P-T path, as shown in Figure 3.9. A possible explanation for the variation in 
retrograde P-T paths between samples 43-02 and 30-02 is explored in Section 3.8.1. 
Overall, our results suggest that the Yukon Tanana terrane in the Aishihik Lake 
region experienced amphibolite-facies metamorphism along a clockwise P-T path. Garnet 
from sample 30-02 records an isobaric (~5 kbar) temperature increase from 525 °C until 
~550-560 °C. Garnet from both samples 43-02 and 30-02 continued to grow up to 
temperatures and pressures of 590-600 °C and 6-7 kbar, respectively, but ceased growing 
before peak conditions were attained. Both samples experienced peak pressures and 
temperatures of around 7 kbar and 640-650 °C. Modelling and textural observations 
suggest that sillimanite in sample 30-02 grew along the retrograde portion of a P-T path 
in which temperatures remained elevated during decompression.  
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3.6. Monazite geochronology 
3.6.1. Methods 
Nine samples from Aishihik Lake metapelites (Figure 3.2) were selected for in-situ 
U-Th-Pb monazite geochronology, with priority given to samples containing key index
minerals such as garnet, staurolite and aluminosilicates. All samples from which
quantitative P-T data were extracted were also selected for monazite geochronology. In
order to characterise the distribution of monazite relative to microstructures and
metamorphic minerals, thin-sections of each sample were mapped for Ce, Al, Ca and Mg
using a Cameca SX50 electron microprobe at the University of Massachusetts following
the methods of Williams and Jercinovic (2002). To identify potential chemical/age domains
within individual monazite grains (e.g. Gibson et al., 2004), maps of Y, U, Ca and Th were
obtained from selected monazite grains using the same Cameca instrument, operating at
a high current (~300 nA) with small step sizes (~0.5 μm). See appendix D for monazite
chemical maps.
In-situ U-Th-Pb analyses were undertaken using the SHRIMP-RG at the U.S. 
Geological Survey – Stanford isotope facility. Detailed methods are provided in Appendix 
D. Thin-section domains containing monazite selected for analysis were sawn out,
mounted in epoxy with pre-polished standards, and re-imaged using Backscattered
Electron SEM. Targets were sputtered with an energy filtered 1.2-2.5 nA 02- primary beam,
focused with a kohler aperture to a spot size measuring 20 x 18 μm. Data were reduced
following the methods of Williams (1998) and Ireland and Williams (2003) using Squid
software (Ludwig, 2001) and plotted using Isoplot 3 (Ludwig, 2003).
The 206Pb/238U and 207Pb/235U ages were calculated using the 424.9 Ma monazite 
standard 44069 (Aleinikoff et al., 2006). Th-Pb ages were also calculated, although their 
significance is uncertain due to the lack of a TIMS Th-Pb age for the 44069 standard. A 
common lead correction was applied using the 204Pb and 207Pb procedures of Ireland 
(1999) and Williams (1998), respectively, both of which produced concordant ages 
indistinguishable within error. However, because of the low 204Pb counts and 
consequential likelihood for overcorrection, we report ages corrected using the 207Pb 
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method (Williams, 1998). We report 206Pb/238U ages because the relatively low 207Pb 
counts resulted in imprecise 207Pb/235U ages. Within the precision of the U-Pb analysis, 
the monazite ages obtained in this study are not noticeably affected by excess 206Pb due 
to the uptake of 230Th (Parrish, 1990; Schärer, 1984), as ages obtained are concordant 
within error and show little or no sign of reverse discordance. All errors are presented at 
the 1σ level, unless noted.  
Trace element concentrations in monazite were also measured using SHRIMP-
RG, immediately prior to the geochronological U-Th-Pb measurements for each analytical 
spot (see below). Monazite standard NAM (Aleinikoff et al., 2012) was used to calibrate 
element concentrations, which were normalised to chondritic values (Anders and 
Grevesse, 1989; Korotev, 1996). Results are considered to be reproducible to around 2-
5% (Aleinikoff et al., 2012). 
3.6.2. Results 
General trends observed in multiple samples are presented first, prior to a more 
detailed description of the unique characteristics of monazite from sample 31-07. Monazite 
chemistry and age data are listed in Table 3-3. Samples were examined following 
SHRIMP-RG analysis using SEM to confirm appropriate targeting of the primary beam. 
Analyses were excluded if the ion-beam had slightly missed monazite grains or excavated 
a large volume of inclusion material. Significantly discordant analyses were also 
discounted. The removal of analyses that had clearly been affected by unintentional 
sampling of surrounding phases or inclusions led to a significant reduction in age 
variability.  
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Table 3-3: Monazite chemistry and age data.  
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Monazite occurs as a matrix phase in all samples and is rarely included in garnet, 
staurolite or kyanite, even when these phases and monazite are abundant in thin section 
(see Figure 3.11). Apart from this, the distribution of monazite in thin-section is not related 
to the distribution of other mineral phases (garnet, staurolite, etc). In samples over 20 km 
west of the Aishihik batholith, monazite commonly occur as clusters of irregular to 
subhedral grains less than 50 μm in diameter (Figure 3.11 H). Farther east, monazite are 
more elongate, with long axis dimensions of 50 – 100 μm and aspect ratios of 3:1 (Figure 
3.11 D, E, F, I, G, J). Elongate monazite almost exclusively lie within S2, and are parallel 
to the main lineation (L2). However, there is some rare evidence of strain shadows of S2 
being deflected around monazite grains (Figure 3.11 A). Monazite is the dominant REE 
accessory mineral in all samples, with allanite and xenotime being much less abundant. 
However, in at least one sample, allanite is commonly included in garnet. 
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Figure 3.11: Selected thin-section photomicrographs and SEM images with inset 
monazite chemical maps from Aishihik Lake samples. Note that Y 
map brightness and colour are not the same scale from sample to 
sample. A: Rare high-Y monazite wrapped by S2. B: High-Y monazite 
from sample 12_01, 30 km west of Aishihik batholith. C: Thin-section 
photomicrograph and monazite chemical maps from sample 31-07 
showing monazite with older, low-Y cores. Note monazite included in 
garnet lacks younger, high-Y rim. D: Zoned, elongate high-Y monazite 
aligned with S2. E: complex zoning in small, high-Y monazite. F: 
Elongate, homogenous monazite. Note apparent low-Y composition 
belies this grain’s relatively high-Y concentration (see Table 3-3). G: 
Photomicrograph showing Rt and Ilm inclusions in St. Inset shows 
chemical maps of elongate low-Y monazite aligned with S2. Note high-
Y rim and complex Th zoning. H: SEM image of monazite cluster from 
sample 43-02, c. 20 km west of Aishihik batholith. I: Elongate, radially 
zoned high-Y monazite. J: Radially zoned high-Y monazite aligned 
with S2. Abbreviations after Kretz (1983). Errors are 1σ. 
Our data suggest that monazite in the Aishihik Lake region can be divided into two 
populations on the basis of age, chemistry and morphology (Figure 3.12). Sample 31-07 
contains the oldest population of monazite, which is characterised by larger grains (often 
more than 200 μm in length) with homogeneously low Y concentrations (below ~2000 
ppm). Monazite from sample 31-07 exhibit distinct characteristics that warrant a more 
detailed description, see below. Monazite from other samples are generally smaller (less 
than 100 μm), have higher Y concentrations (i.e. 8000-16000 ppm) with a weak radial Y 
zonation, and yield younger ages than low-Y monazite (Figure 3.11 and Figure 3.12). Ca, 
Th and U zoning is highly irregular (Figure 3.11 G) whereas Nd concentration is uniform. 
Note that the overall Y abundance does not vary significantly between rock samples 
(Appendix D). Therefore, variations in Y composition of monazite are interpreted to reflect 
the amount of available Y in the effective bulk-rock composition when that monazite grew. 
This is likely to reflect the stability of garnet, as discussed below. The High-Y monazite 
range in age from 188 to 175 Ma and have a weighted mean age of 182.2 ± 1.2 Ma (2σ 
error and MSWD of 8.3; see Figure 3.12 and Figure 3.13 for high-Y monazite age plots). 
There are no discernible relationships between high-Y monazite ages and their chemistry, 
geographic or textural location, or morphology. 
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Figure 3.12: Plot of Y concentration vs 206Pb/238U ages for all monazite analyses. 
Error bars are 1σ. Note single high-Y analyses from sample AC15-31-
07. 
Monazite from sample 31-07 are significantly larger than other samples, with long 
axes commonly greater than 200 μm (Figure 3.11 C and D). Monazite from sample 31-07 
is not necessarily more abundant relative to other samples, as there are far fewer grains 
overall in sample 31-07. Monazite is generally blade-like to tabular and often aligned within 
S2. S2 is not deflected around the monazite grains. Notably, there are several relatively 
large (> 50 μm) inclusions of monazite within the outer rim of a garnet (Figure 3.11 C). 
Matrix monazite grains in sample 31-07 are predominantly comprised of uniquely uniform 
low-Y cores surrounded by thin, high-Y rims (Figure 3.11 C and D). Unlike other samples, 
the transition between monazite cores and rims is generally sharp, and high-Y rims 
commonly infill small embayments in low-Y cores. Importantly, monazite included in garnet 
lack high-Y rims (Figure 3.11 1 C). SHRIMP Y analyses of monazite cores from sample 
31-07 indicate that their Y concentrations are at least an order of magnitude lower than 
that of other samples (Figure 3.12). In addition, these low-Y cores are significantly older 
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than monazite from other samples (Figure 3.12 and Figure 3.13). Low-Y monazite range 
in age from 200 to 186 Ma, with 12 out of 13 analyses returning an age older than 190 
Ma. Removing the 186 Ma age results in a weighted mean age of 194.4 ± 2.4 Ma (2σ 
error), with a MSWD of 5.1. The rims of high-Y monazite around low-Y cores were mostly 
too narrow to analyse with SHRIMP. However, a single analysis of a rare thick rim returned 
an age (184 ± 4 Ma) and Y concentration identical to high-Y monazite from the other 
samples (Figure 3.11 C, 2 and 3).  
Figure 3.13: Tera-Wasserburg diagram showing isotope data (corrected for 
common Pb) for low-Y monazite (filled red ellipses) and low-Y 
monazite (dashed ellipses).  
3.6.3. Interpretation of monazite ages 
The ages acquired in this study are interpreted to reflect metamorphic ages that 
have not been reset by later thermal or fluid activity. Given the textural and petrological 
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evidence for peak metamorphic temperatures remaining below 650-700 °C in these 
samples, it is doubtful that Pb loss via volume diffusion in monazite has occurred (Cherniak 
et al., 2004; Gardes et al., 2006; McFarlane and Hamison, 2006). This is further supported 
by the preservation of chemical zoning and multiple age domains within individual 
monazite grains. Furthermore, the preservation of older matrix monazite identical in age 
to monazite armoured in garnet (Figure 3.11 C) suggests dissolution-precipitation 
processes have not significantly affected monazite ages.  
The low-Y monazite population in sample 31-07 is interpreted to reflect monazite 
formation during garnet growth, following an initial period of garnet crystallisation. This is 
based on the presence of low-Y monazite inclusions in the outer portions of garnet, and 
the well documented effect of Y fractionation in garnet on monazite chemistry (Foster et 
al., 2002; Gibson et al., 2004; Pyle et al., 2001). Furthermore, any diffusion of Y out of 
garnet is likely to have been minimal due to the size of the garnet (> 4 mm) and inferred 
temperatures of < 650 °C during the bulk of garnet growth for this sample, for which 
significant diffusion of Y from garnet is unlikely to have occurred (Florence and Spear, 
1991; Spear and Pyle, 2010). Twelve out of 13 analyses of low-Y monazite returned ages 
between c. 200-190 Ma and a weighted mean age of 194.4 ± 2.4 Ma. The spread of low-
Y core ages are interpreted to represent protracted monazite growth from c. 200-186 Ma. 
The alignment of monazite long axes with S2 and their inclusion within syn-kinematic 
garnet suggests these monazite grew during deformation associated with S2. Although 
there is little evidence of S2 being deflected around monazite, any deformed mica and 
quartz surrounding monazite would have likely been recrystallised or annealed during 
continued prograde metamorphism. The presence of monazite older than ca. 190 Ma in 
sample 31-07 only is enigmatic. A possible interpretation may lie in its low bulk-rock CaO 
composition (0.73 wt%) relative to most other samples (average of 1.25 wt% CaO). This 
may have confined the stability of allanite to a lower temperature, thereby allowing 
monazite to grow earlier in this sample’s metamorphic history (Wing et al., 2003).  
The high-Y monazite rims in sample 31-07 are interpreted to belong to the same 
generation as the high-Y monazite present in all other samples: their ages overlap, their 
Y and HREE chemistry is identical, and textural and chemical evidence indicate that both 
populations postdate garnet growth. The formation of this generation of monazite after 
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garnet growth is suggested by a lack of high-Y monazite inclusions in samples with locally 
abundant garnet and kyanite. This relationship is well-illustrated in sample 31-07, where 
monazite included in garnet lack a high-Y rim (Figure 3.11 C). The elevated Y and HREE 
concentration of the high-Y monazite is consistent with growth via a sub-solidus retrograde 
net-transfer reaction involving garnet resorption driven by decompression. This 
interpretation has been well documented in previous studies involving monazite 
paragenesis, where the liberation of HREE and Y following garnet resorption during 
exhumation promoted the growth of high-Y monazite (Foster et al., 2004; Gibson et al., 
2004; Hallett and Spear, 2015; Kelly et al., 2006; Mahan et al., 2006; Staples et al., 2013). 
Although some prograde high-Y monazite may have grown due to garnet resorption during 
initial staurolite growth, the lack of monazite inclusions in kyanite (which likely post-dated 
staurolite growth) is inconsistent with the bulk of high-Y monazite forming during prograde 
metamorphism. Furthermore, petrology and thermodynamic modelling suggests that 
exhumation occurred along a steep PT path, at a high angle to the garnet isograd (see 
Section 3.5 above). This would have resulted in decompression at elevated temperatures, 
which would have facilitated significant garnet breakdown and the promotion of monazite 
growth.  
3.7. 40Ar/39Ar Thermochronology 
3.7.1. Methods 
Four samples from the study area were chosen in order to obtain 40Ar/39Ar cooling 
ages for biotite and muscovite separates (see Figure 3.2). Preference was given to 
samples from which monazite geochronological and thermobarometric data were also 
acquired. Priority was also given to samples which appeared to contain single, unaltered, 
populations of muscovite and biotite. Only samples more than several kilometres from 
known intrusions were chosen, except for sample 27-02. This sample was collected ~500 
metres from a small undeformed intrusion of probable Paleogene age, outside of any 
observable contact aureole. No evidence of contact metamorphism, either at the 
microscopic or outcrop scale, was observed to have affected biotite or muscovite in any 
of the samples chosen for 40Ar/39Ar analysis.  
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Samples were crushed, then sieved to a size range of 500-1000 μm. Large mica 
grains with minimal inclusions were hand-picked for irradiation and analysis. Biotite 
separates from sample 50-01 contained numerous graphite inclusions, and were therefore 
not analysed. Irradiation and analysis was conducted by the New Mexico Geochronology 
Research Lab, using standard procedures outlined in McIntosh et al. (2003). For detailed 
analytical methods, see Appendix E. Integrated ages (defined here as the date from which 
the mica retained radiogenic argon) were calculated by weighting individual steps based 
on the fraction of 39Ar released. Errors are reported at the 1σ level, and reflect only 
analytical uncertainties, without interfering reaction or J uncertainties. Errors in integrated 
ages were calculated by quadratically combining errors of isotopic measurements of all 
steps. It is noted that the closure temperature of a mineral is affected by its grainsize and 
cooling rate (e.g. Hames and Bowring, 1994). As only large (~1000 μm) grains were 
handpicked for analysis, it is unlikely that the grain size of mica samples from Aishihik 
Lake contributed to a lower closure temperature than discussed herein. The rate of 
exhumation and cooling of rocks in the Aishihik Lake region is difficult to determine, but 
we assume slow to moderately fast cooling rates (~1-50 °C/m.y.) is a reasonable range of 
approximation. Therefore, the cooling ages of mica discussed here are used as a broad 
estimate only.  
3.7.2. Results and interpretation 
Muscovite 40Ar/39Ar results 
Muscovite age spectra are shown in Figure 3.14. Data are shown in tabulated form 
in Appendix E. Muscovite spectra from sample 30-02 show minimal disturbance, with a 
well-defined plateau over 80-90% of the total 39Ar released. The integrated age of 
muscovite from this sample is 175.17 ± 0.15 Ma. Muscovite from samples 27-02, 31-07 
and 50-01 produced less well-defined plateaus, with integrated ages of 166.09 ± 0.19 Ma, 
163.8 ± 0.2 Ma and 171.80 ± 0.08 Ma, respectively. Spectra from sample 50-01 form a 
plateau for around 50% of the total 39Ar released. Samples 27-02, 31-07 and 50-01 show 
signs of greater argon loss in muscovite than sample 30-02; however, argon loss is 
recorded in the first 10-20% of 39Ar released for all samples. The dips in muscovite spectra 
from samples 27-02, 31-07 and 50-01 are difficult to explain.  
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Overall, muscovite 40Ar/39Ar data indicate that metamorphosed rocks in the 
Aishihik Lake region cooled through ~350 °C in the Early to Middle Jurassic, assuming 
that the muscovite retained radiogenic argon below this temperature (Hames and Bowring, 
1994). The well-defined muscovite age spectra in sample 30-02 indicate that this sample 
had cooled through muscovite closure temperatures by ca. 175 Ma. The similarity in 
muscovite ages between samples 30-02 and 50-01 suggests that cooling below ~350° at 
ca. 175-172 Ma occurred at a regional scale. The slightly younger ages recorded by 
muscovite in samples 27-02 and 31-07 (ca. 166 and 164 Ma, respectively) may reflect 
diachronous cooling of rocks in the Aishihik Lake region. Alternatively, the muscovite ages 
may be in error due to argon loss, or the enigmatic gas composition recorded from 30-
90% cumulative 39Ar released. None of the muscovite ages correlate with known ages of 
magmatism in the Aishihik Lake region (Colpron et al., 2016b; Israel and Borch, 2015). 
Although argon loss is evident in the spectra for all four samples, the plateaus in spectra 
from 30-02 and 50-01 indicate that most muscovite in these samples remained closed to 
argon loss since initial cooling below their closure temperature. This suggests that rocks 
in the Aishihik Lake region have not been exposed to temperatures above ~350 °C since 
the Early to Middle Jurassic (Hames and Bowring, 1994). 
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Figure 3.14: Age spectra for muscovite and biotite separates. 
Biotite 40Ar/39Ar results 
Biotite age spectra are shown in Figure 3.14. Data are tabulated in Appendix E. 
Biotite spectra from sample 31-07 show a well-defined plateau for 90% of the total 39Ar 
released, suggesting minimal disturbance since initial cooling. In addition, biotite from 
sample 31-07 is well preserved, and is less altered than biotite grains from the other two 
samples analysed. The integrated age of biotite from this sample is 125.5 ± 0.2 Ma. Biotite 
from samples 27-02 and 30-02 have integrated ages of 128.2 ± 0.3 Ma and 145.71 ± 0.13 
Ma, respectively. However, biotite age spectra from these two samples are more complex 
than spectra from sample 31-07 and, therefore, are difficult to interpret and are considered 
less reliable than that of 31-07.  
Biotite 40Ar/39Ar data support regional cooling of metamorphic rocks in the Aishihik 
Lake region through ~300 °C during the Early Cretaceous, assuming that biotite became 
85 
closed to argon loss at this temperature (Harrison et al., 1985). The well-defined plateau 
in age spectra and lack of evidence for argon loss from biotite in sample 31-07, as well as 
the well-preserved nature of biotite in this sample, indicates that the integrated age 
obtained ( ca. 126 Ma) reflects cooling of the sample through the biotite closure 
temperature. Spectra obtained from sample 27-02 are more complex. However, the 
similarity between integrated biotite ages from samples 27-02 and 31-07, which were 
collected from outcrops 30 km apart, suggests that these ages (ca. 128 and 126 Ma, 
respectively) correspond to a regional geological event. This may signify cooling following 
protracted exhumation after D2, or cooling following a later geological event (D3). The 
complexity of biotite spectra from sample 30-02 makes it difficult to determine the 
geological significance of this sample’s biotite age, and whether the data are valid. None 
of the biotite ages obtained in the study correlate with known ages of magmatic activity in 
the Aishihik Lake region (Colpron et al., 2016b; Israel and Borch, 2015). Further 
discussion of the biotite 40Ar/39Ar ages, which are significantly younger than the ages 
obtained from muscovite, is presented in section 3.8.2.   
3.8. Discussion 
3.8.1. On the nature of amphibolite-facies metamorphism in the 
Aishihik Lake region 
The amphibolite-facies metamorphic assemblage in rocks of the Yukon Tanana 
terrane near Aishihik Lake is interpreted by Johnston and Erdmer (1995) to reflect contact 
metamorphism due to the Aishihik batholith at mid-crustal (9-10 kbar) conditions. 
However, our data does not agree with this conclusion. First, a ca. 200-190 Ma population 
of Low-Y monazite post-dates early stages of garnet growth, suggesting both garnet and 
monazite pre-date the intrusion of the Aishihik batholith at 190-180 Ma (Joyce et al., 2016). 
Also, microstructural textures indicate that garnet growth was syn-kinematic to D2. Thus, 
D2 and a garnet bearing metamorphic assemblage developed during the Early Jurassic, 
but prior to the emplacement of the Aishihik batholith. Second, thermodynamic modelling 
data show that metamorphic conditions increased from 525 °C and ~5 kbar to 640-650 °C 
and ~7 kbar, consistent with Barrovian metamorphism being driven by crustal thickening 
and tectonism, rather than isobaric contact metamorphism. Third, kyanite, staurolite, 
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monazite and garnet are present over 25 kilometres to the west of the Aishihik batholith. 
Amphibolite-facies rocks also extend outside the study area to the north and south. It is 
unlikely that an intrusion such as the Aishihik batholith would perturb the regional 
geotherm to the extent required to produce such widespread high-grade Barrovian 
metamorphism (e.g. Rothstein and Manning, 2003). Finally, garnet, staurolite and kyanite 
grew during D2, whereas the Aishihik batholith largely post-dates D2 (Johnston and 
Erdmer, 1995b). These data indicate that much of the amphibolite-facies metamorphism 
in the Aishihik Lake region occurred as a result of significant crustal thickening (D2) in the 
Early Jurassic, prior to the intrusion of the Aishihik batholith (see Figure 3.15). 
Although mid-crustal deformation and metamorphism in the Aishihik Lake region 
pre-date the emplacement of the Aishihik batholith, data shown here do not preclude the 
existence of a contact aureole. Observations made in this study are consistent with contact 
metamorphism, but over a smaller region than suggested by Johnston and Erdmer 
(1995a). For example, an increased abundance of both resorbed garnet surrounded by 
fibrolite, and prismatic high-Y monazite, was observed in samples within ~7 kilometres 
from the Aishihik batholith’s western margin. High-Y monazite ages are indistinguishable 
from the age of the batholith.  These observations are consistent with localised thermally 
driven re-equilibration of a high-pressure (~7 kbar), kyanite-bearing, metamorphic 
assemblage to a lower-pressure, sillimanite-bearing, metamorphic assemblage, 
accompanied by the breakdown of garnet and growth of high-Y monazite (see Figure 
3.15). This interpretation is compatible with recent aluminium-in-hornblende barometry, 
which indicates that Aishihik batholith emplacement pressures did not exceed 4-5 kbar 
(Topham, 2015). 
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Figure 3.15: P-T-t-D path for polydeformed mid-crustal rocks in the Aishihik Lake 
region. See text for discussion. 
Intrusion of the Aishihik batholith at 4-5 kbar is at odds with conclusions presented 
by Johnston and Erdmer (1995a), who suggest an emplacement pressure of 8-10 kbar. 
However, much of Johnston and Erdmer’s (1995a) interpretation is based on the existence 
of a high pressure contact aureole adjacent to the batholith. As explained above, the high-
pressure (~7 kbar) metamorphic assemblage in the Aishihik Lake region predated the 
intrusion of the batholith, and extends far beyond the plausible extent of any contact 
aureole related to its emplacement. Furthermore, thermodynamic modelling and 
petrography (see Section 3.5) indicate that metamorphic minerals in the vicinity of the 
Aishihik batholith did not grow in thermodynamic equilibrium. Instead, they probably 
represent a hybrid assemblage of relict garnet, staurolite and kyanite within a younger 
matrix of mica and sillimanite. Thus, the conventional thermobarometric estimates used 
by Johnston and Erdmer (1995a) to support deep emplacement of the Aishihik batholith 
are likely not accurate. The presence of magmatic epidote in the Aishihik batholith was 
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taken by Johnston and Erdmer (1995a) to indicate emplacement of the batholith at high 
pressure (~9 kbar), following data presented by Zen and Hammarstrom (1984). However, 
more recent studies indicate that magmatic epidote is not exclusive to high-pressure 
intrusions, particularly those with moderate to high ƒO2 (e.g. Ferreira et al., 2011; Tulloch 
and Challis, 2000; Vyhnal et al., 1991). Topham et al. (2015) report an average Fe# in 
hornblende from the Aishihik batholith of 0.537. This is consistent with moderate ƒO2 
conditions and, therefore, expansion of the stability field of magmatic epidote to pressures 
below 5 kbar (Schmidt and Poli, 2004; Topham, 2015). 
3.8.2. Constraints on exhumation and subsequent deformation in 
the upper crust 
Monazite and muscovite ages, combined with thermobarometric data, provide 
constraints on the timing and style of exhumation of metamorphic rocks in the Aishihik 
Lake region. (Figure 3.15). Prograde, low-Y monazite in the Aishihik Lake region grew at 
ca. 200-190 Ma (D2). This was followed by depressurisation-induced garnet breakdown 
and high-Y monazite growth beginning at ca. 188 Ma, coeval with the intrusion of the 
Aishihik batholith. Thermobarometric modelling indicates peak metamorphic pressures 
were ~7 kbar. Therefore, assuming a crustal density of 2800 kg/m3, metamorphic rocks in 
the Aishihik Lake region were buried to ~25 km between ca. 200-190 Ma, with the onset 
of exhumation at ca. 188 Ma. Muscovite 40Ar/39Ar data indicate that these rocks cooled 
through ~350 °C by ca. 175 Ma. However, due to uncertainties in the geothermal gradient, 
it is difficult to determine whether cooling reflects exhumation, or passive heat loss 
following the intrusion of the Aishihik batholith by 180 Ma (Joyce et al., 2016). 
Nonetheless, assuming a 350 °C closure temperature (Hames and Bowring, 1994) and a 
geothermal gradient of 28 °C/km (Rothstein and Manning, 2003; and references therein), 
40Ar/39Ar data indicate that metamorphic rocks in the Aishihik Lake region were exhumed 
to 13 km by ca. 175 Ma. This is in good agreement with pressure estimates from the 
Aishihik batholith (Topham, 2015).  
Overall, data obtained in this study provide direct evidence for the exhumation of 
metamorphic infrastructure in the Aishihik Lake region, from ~25 km to ~13 km, between 
ca. 186 and ca. 175 Ma. Previously, this exhumation had largely been inferred from the 
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petrology of nearby batholiths and the deposition of metamorphic detritus into Early 
Jurassic sediments of the Whitehorse trough (Colpron et al., 2015; Johnston et al., 1996). 
In addition, data from this study imply an exhumation rate of only ~1.3 mm/year, 
considerably less than the 4.2-12.5 mm/year rate proposed by Johnston et al. (1996). 
These results reaffirm previously published documentation of widespread Early Jurassic 
exhumation of metamorphic infrastructure in Yukon and Alaska (e.g. Colpron et al., 2015; 
Dusel-Bacon et al., 2002; Hood, 2012; Johnston et al., 1996; Knight et al., 2013; Tafti and 
Mortensen, 2003).  
The ca. 175 Ma muscovite and ca. 126 Ma biotite 40Ar/39Ar ages obtained in this 
study could signify a change in cooling rate, with rapid cooling through ~350°C by ca. 175 
Ma, followed by much slower cooling through ~300°C by ca. 126 Ma, perhaps signifying 
a change from tectonic to erosional denudation. Alternatively, these ages may represent 
near-surface exhumation in the Early Jurassic, followed by reburial and reheating above 
biotite closure temperatures in the Early Cretaceous. It is unlikely that the Early 
Cretaceous biotite ages are the product of resetting due to plutonism – there is little 
evidence of Early Cretaceous magmatism in the Aishihik Lake region, and the 128 and 
126 Ma biotite samples show only minor evidence of Ar loss. Shallow intrusive textures, 
such as miarolitic cavities, in Early Jurassic plutons near Aishihik Lake provide evidence 
for near-surface exhumation during the Early Jurassic (Johnston et al., 1996). This would 
imply that the Early Cretaceous biotite 40Ar/39Ar ages obtained in this study indicate cooling 
following an earlier crustal thickening event. Crosscutting intrusive relationships in the 
Aishihik Lake region indicate that crustal thickening and the formation of D3 and D4 
structures occurred between Early Jurassic and Paleogene time (e.g. Johnston et al., 
1996). It is therefore suggested that the Early Cretaceous biotite 40Ar/39Ar ages indicate 
cooling following renewed burial associated with D3 and/or D4, as shown in see Figure 
3.15. However, more work is required to confirm this interpretation.  
3.8.3. Earliest Jurassic thick-skinned orogenesis in the Northern 
Canadian Cordillera: Tightening the orocline? 
Several studies have documented Late Triassic – Early Jurassic burial of Yukon 
Tanana terrane to mid-crustal conditions (e.g. Berman, 2007; Tafti and Mortensen, 2003). 
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However, the significance of data from these studies is constrained by small sample sets 
(e.g., a few samples only; Berman et al., 2007), or limited study areas in the vicinity of a 
mineral deposit (e.g. Tafti and Mortensen, 2003; Tizzard et al., 2009). Other studies infer 
a similar age for a significant burial event in the terrane, but lack definitive constraints on 
the timing of prograde metamorphism (i.e. burial) and associated tectonism (e.g. Dusel-
Bacon et al., 2002; Hansen et al., 1991; Johnston and Canil, 2007; Johnston et al., 1996). 
Data from this study show that at least 1000 km2 of the Yukon Tanana terrane in the 
Aishihik Lake region was buried to ~7 kbar pressures in the Early Jurassic, as 200-190 
Ma monazite formed during regional metamorphism and widespread penetrative 
deformation (D2). Therefore, together with the results of the studies discussed above, data 
from this study indicate that much of the southwestern prong of Yukon Tanana terrane 
records burial to mid-crustal conditions as a result of widespread crustal thickening in the 
Late Triassic – Early Jurassic.  
Latest Triassic – Early Jurassic crustal thickening of Yukon Tanana terrane was 
accommodated by structures with, on average, a tops-to-the west sense of shear (e.g. 
Dusel-Bacon et al., 2002; Ryan et al., 2014). Although the shear sense associated with 
amphibolite-facies metamorphism in the Aishihik Lake region is variable (see Chapter 2), 
the consistent easterly dip of S2 surfaces is interpreted to reflect tops-to-the west-
southwest movement. Johnston and Erdmer (1995b) report a similar shear sense in 
mylonitic rocks near the western margin of the Early Jurassic Aishihik batholith. To the 
north of the Aishihik Lake region, in the Stewart River region and at Stevenson Ridge, 
Latest Triassic – Early Jurassic duplication of Yukon Tanana terrane rocks is attributed to 
tops-to-the southwest displacement along regional structures, such as the Yukon River 
thrust (Berman et al., 2007; Ryan et al., 2014). In east-central Alaska, pre-188 Ma 
amphibolite-facies metamorphism of Yukon Tanana terrane is attributed, in part, to crustal 
thickening associated with northwest-vergent structures (e.g. Dusel-Bacon et al., 2002).  
The deep, mid-crustal expression of latest Triassic – Early Jurassic tectonism 
described above appears to have been confined to the Yukon Tanana terrane in Yukon 
and Alaska. However, there is evidence that at least some amount of crustal thickening 
was more widespread throughout the Cordillera of Yukon, Alaska and British Columbia at 
this time. In the Whitehorse trough, for example, lower strata of the Tanglefoot and 
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Richthofen formations were deposited unconformably upon Hettangian strata of the 
Aksala formation in the Sinemurian (Colpron et al., 2015). In Stikine and Quesnel terranes, 
regional shortening is also indicated by a widespread latest Triassic – Early Jurassic 
unconformity, coeval with the emplacement of many of the mineral rich porphyry deposits 
of the Canadian Cordillera (Logan and Mihalynuk, 2014; Nelson and Colpron, 2007, and 
references therein). Late Triassic – Early Jurassic contractional deformation has also been 
documented at Telegraph Creek and Spatsizi River, in British Columbia (Brown et al., 
1992; Thorkelson et al., 1995).  
The intense latest Triassic – Early Jurassic deformation and metamorphism 
recorded by the Yukon Tanana terrane, and the widespread evidence for less intensive 
contraction in Stikinia and Quesnellia, implies that a significant shift in tectonic regime took 
place at this time. Such a shift may be explained by the encroachment of the westerly 
migrating Laurentian continent into the Intermontane terranes (e.g. Monger et al., 1982). 
However, the precise timing and configuration of tectonic events surrounding collision and 
emplacement of the Intermontane terranes onto Laurentia remains controversial. Beranek 
and Mortensen (2011) attribute the Permian Klondike orogeny of Yukon Tanana terrane, 
and the coeval development of a forearc basin on the continent, to the collision between 
both entities in the Permian. However, the lack of evidence for Permian deformation on 
the continent suggests that the Klondike orogeny occurred outboard of Laurentia (Berman 
et al., 2007), or at least at its fringes (Colpron et al., 2015). Instead, Berman et al. (2007) 
assert that Yukon Tanana terrane collided with Laurentia during the latest Triassic – Early 
Jurassic. To further complicate matters, this age coincides with the early and intermediate 
stages of the inferred oroclinal bending of Yukon-Tanana, Stikine, Quesnel and Cache 
Creek terranes (Colpron et al., 2015; Mihalynuk et al., 1994).  
The widespread mid-crustal burial of western Yukon Tanana terrane in the latest 
Triassic – Early Jurassic, revealed in part by data presented here, is interpreted to coincide 
with continued westwards migration of the Laurentian continent and its collision with 
Yukon Tanana terrane, as shown in Figure 3.16. The regional deformation that would be 
expected to result from such a scenario is consistent with evidence for widespread crustal 
shortening within the Cordillera of Yukon, British Columbia and Alaska at this time 
(Berman, 2007; Brown et al., 1992; Dusel-Bacon et al., 2002; Thorkelson et al., 1995). 
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However, this interpretation does not preclude localised collision of Yukon Tanana terrane 
and Laurentia in the Permian. This interpretation is also broadly consistent with the 
oroclinal closure model of Mihalynuk et al. (1994). The burial of the western prong of 
Yukon Tanana terrane to mid-crustal conditions as a result of west-verging deformation in 
the latest Triassic – Early Jurassic can be explained by the development of a westward-
tapering tectonic wedge in the northern Canadian Cordillera at this time (Figure 3.16). It 
is likely that such a wedge would have developed along the western margin of the 
amalgamating Intermontane terranes, driven largely by the continued western migration 
of the Laurentian continent, as proposed by Nelson et al. (2013).
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Figure 3.16: Schematic tectonic block diagrams illustrating Middle Triassic (top) 
and earliest Jurassic (bottom) tectonic configurations of the northern 
Canadian Cordillera, following theories introduced by Mihalynuk et 
al. (1994) and Nelson et al. (2013). The twin arc terranes of Stikinia 
and Quesnellia are represented by the Takhini, Boswell, Lewes River 
and Semenof arcs (Colpron et al., 2016b; Nelson et al., 2013). Overlap 
assemblage after (Beranek and Mortensen, 2011). Needlerock thrust 
after (Colpron et al., 2006a). See Colpron et al. (2015) for discussion of 
the Whitehorse trough, including the Aksala formation. 
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 The robust identification of widespread latest Triassic – earliest Jurassic crustal 
thickening in Yukon Tanana terrane, followed by exhumation in the Early Jurassic, 
provides additional insight into the timescales of convergent margin processes. Data from 
this study, together with observations from elsewhere in Yukon, British Columbia and 
Alaska, indicate that the northern Canadian Cordillera underwent significant crustal 
shortening, followed by exhumation and orogenic collapse, within 10-15 million years (e.g. 
Berman et al., 2007; Colpron et al., 2015; Dusel-Bacon et al., 2002; Johnston et al., 1996; 
Knight et al., 2013; Tafti and Mortensen, 2003). Although previous researchers infer 
similar timing constraints for latest Triassic – Early Jurassic deformation and exhumation 
of the Yukon Tanana terrane, data presented here provide a more robust constraint on 
the timing of crustal thickening, and the extent to which this event affected the Yukon 
Tanana terrane. The relatively short timescale (~10-20 myr) for orogeny and collapse 
presented here is consistent with the broader tectonic history of the Canadian Cordillera, 
which has experienced punctuated periods of intense crustal thickening throughout 
Paleozoic and Mesozoic time (e.g. Berman et al., 2007; Dusel-Bacon et al., 2002; Gibson 
et al., 2008; Monger et al., 1982; Nelson and Colpron, 2007; Nelson et al., 2006; Staples 
et al., 2016). It is postulated that the timing of these ‘tectonic mode switches’ reflect 
variations in the obliquity of convergence relative to the westward motion of the Laurentian 
plate, and the extent to which it outpaced, kept pace with, or was outpaced by, slab roll-
back relating to the subduction of Panthalassa and Slide Mountain Ocean.  
3.9. Conclusions 
Tectonised amphibolite-facies rocks in the Aishihik Lake region record the mid-
crustal burial of Yukon Tanana terrane during the earliest Jurassic. Ca. 194 Ma low-Y 
monazite, which grew during the latter stages of garnet crystallisation as a result of 
increasing pressure, date prograde amphibolite-facies metamorphism, tectonic burial, and 
the development of a widespread, east-dipping, tops-to-the west-southwest shear fabric 
(S2). Peak metamorphic conditions were 640-650 °C and ~7 kbar. Widespread high-Y 
monazite grew as a result of depressurisation-induced garnet breakdown. High-Y 
monazite ages are indistinguishable within error of the 190-180 Ma age of the Aishihik 
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batholith (Joyce et al., 2016). An elevated geothermal gradient due to the intrusion of the 
Aishihik batholith during exhumation may have facilitated low-pressure re-equilibration of 
an older higher-pressure metamorphic assemblage near the batholith. Muscovite 40Ar/39Ar 
ages of ca. 175 Ma indicate that mid-crustal rocks in the Aishihik Lake region were 
exhumed to the upper crust in the Early Jurassic, whereas ca. 126 Ma biotite cooling ages 
are interpreted to reflect renewed crustal thickening in the Early Cretaceous (D3 and/or 
D4).  
These data help define a regional crustal thickening event which buried much of 
the western prong of Yukon Tanana terrane to the mid-crust in the latest Triassic-earliest 
Jurassic (Berman et al., 2007; Dusel-Bacon et al., 2002). This burial is interpreted to reflect 
the development of a west-verging tectonic wedge along the western edge of the 
Intermontane terranes in the latest Triassic – earliest Jurassic. This interpretation is 
consistent with previous models for the northern Canadian Cordillera at this time, including 
oroclinal bending, and the incipient collision of Laurentia with eastern Yukon Tanana 
terrane in the Permian (Beranek and Mortensen, 2011; Berman et al., 2007; Mihalynuk et 
al., 1994). Early Jurassic crustal thickening in the Aishihik Lake region is ascribed to 
continued westwards relative motion of the Laurentian plate (e.g. Monger et al., 1982; 
Nelson et al., 2013). Early Jurassic exhumation in the Aishihik Lake region, and elsewhere 
within Yukon Tanana terrane, indicate that crustal thickening and orogenic collapse 
occurred within a ~10-15 million year time period, highlighting the transient nature of 
orogenesis along an obliquely convergent margin.  
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Chapter 4.  
 
Overall conclusions and future work 
The dominant metamorphic rocks in the Aishihik Lake region are plagioclase-
biotite-muscovite-quartz schists. Field mapping indicates that carbonaceous, amphibolitic 
and magmatic units are less common and not regionally extensive. Detrital zircon from 
polydeformed quartzite near Aishihik Lake contained no Devono-Mississipian or younger 
zircon, and abundant Precambrian zircon - consistent with deposition in the Early 
Paleozoic near the margin of Laurentia. Together, these suggest that the main 
tectonostratigraphic assemblage exposed in the Aishihik Lake region is correlative to the 
Snowcap assemblage (Piercy and Colpron, 2009; Colpron et al., 2006). However, more 
detailed analysis is required for a more robust determination of protolith characteristics in 
the Aishihik Lake region. Data presented herein nevertheless support the idea that the 
large regions of the Yukon Tanana terrane, including its eastern and western ‘prongs’, 
have comprised a single tectonostratigraphic entity since the Devonian (Colpron et al., 
2006b; Mortensen, 1992).  
Plutons of both the Simpson Range and Sulphur Creek suites are present within 
the Snowcap assemblage in the Aishihik Lake region. Mapping did not elucidate any 
evidence of large-scale thrust sheets, such as sheared contacts or discrete changes in 
metamorphic grade. Therefore, these plutonic suites should not be universally considered 
to characterise separate, large thrust sheets, such as those reported from the Stevenson 
ridge region to the north (Ryan et al., 2014). 
Cross-cutting relationships between a late Permian pluton and a penetrative 
ductile foliation indicate that an early episode of penetrative deformation (D1) occurred 
prior to the latest Permian. Although these observations were taken from a single outcrop 
near the margin of one pluton, the consistently higher strain exhibited by Mississippian vs 
Permian plutons near Aishihik Lake also suggests that rocks of Yukon Tanana terrane in 
the Aishihik Lake region were tectonised prior to the latest Permian. It is difficult to 
ascertain metamorphic conditions during this event; however, the lack of pre-Jurassic 
 97 
monazite or garnet suggests that conditions were not greater than lower amphibolite 
facies, similar to earlier estimates (Johnston, 1993). 
Tectonised amphibolite-facies rocks in the Aishihik Lake region record the burial 
of Yukon Tanana terrane to the mid-crust during the earliest Jurassic (D2). This was 
accompanied by the development of a regional metamorphic assemblage in pelitic 
lithologies that was comprised of garnet, plagioclase, quartz, biotite, muscovite (±kyanite, 
staurolite and sillimanite). Earliest Jurassic (200-190 Ma) low-Y monazite grew during 
garnet crystallisation as a result of increasing pressure. Garnet isopleth thermobarometry 
and isochemical phase diagram modelling indicate prograde metamorphic conditions 
during D2 increased from ~5 kbar and 500-550 °C to ~7 kbar and 640-650 °C. This 
amphibolite-facies metamorphism is interpreted to have occurred during tops-to-the west-
southwest, thick-skinned crustal thickening which produced the widespread, penetrative 
foliation (S2) in the Aishihik Lake region. Low-Y monazite growth, regional amphibolite-
facies metamorphism, and intense foliation development occurred prior to the intrusion of 
the Aishihik batholith. Abundant high-Y monazite grew during decompression and garnet 
breakdown. The ages of this high-Y monazite population are indistinguishable within error 
of the age of the Aishihik batholith (190-180 Ma; Joyce et al., 2016). An elevated 
geothermal gradient due to the intrusion of the Aishihik batholith during exhumation may 
have facilitated low-pressure re-equilibration of a higher-pressure metamorphic 
assemblage within 5-10 km of the batholith. This may explain the increased abundance of 
sillimanite, which appears to have grown at the expense of garnet, within 5-10 km of the 
western margin of the Aishihik batholith. Muscovite 40Ar/39Ar ages of ca. 175 Ma indicate 
that mid-crustal rocks of the Yukon Tanana terrane near Aishihik Lake were exhumed to 
the upper crust in the Early Jurassic, ~ 15 myrs after crustal thickening occured. 
Field mapping, U-Pb monazite geochronology and thermodynamic modelling data 
from rocks of the Snowcap assemblage near Aishihik Lake help define a regional crustal 
thickening event which buried much of the western prong of Yukon Tanana terrane to mid-
crustal levels in the latest Triassic-earliest Jurassic (Berman et al., 2007; Dusel-Bacon et 
al., 2002). This burial is interpreted to reflect the development of a west-verging tectonic 
wedge along the western edge of the Intermontane terranes in the latest Triassic – earliest 
Jurassic. Such an interpretation is consistent with previous models for the northern 
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Canadian Cordillera and parts of Alaska at this time, including oroclinal bending, and the 
incipient collision of Laurentia with eastern Yukon Tanana terrane in the Permian (Beranek 
and Mortensen, 2011; Berman et al., 2007; Mihalynuk et al., 1994). Early Jurassic crustal 
thickening in the Aishihik Lake region is attributed to continued westwards motion of the 
Laurentian plate that was impinging upon the convergent margin (e.g. Monger et al., 1982; 
Nelson et al., 2013). Early Jurassic exhumation in the Aishihik Lake region, and elsewhere 
within Yukon Tanana terrane, indicate crustal thickening and orogenic collapse occurred 
within around 10-15 million years, highlighting the transient nature of crustal extension 
and compression during convergent margin orogenesis. 
Field observations and microstructural data confirm the renewed onset of crustal 
thickening (D3/D4) during at least one event between Early Jurassic to Paleogene time 
(Israel et al., 2011; Johnston, 1993). The lack of muscovite recrystallisation during these 
events indicates that temperatures were significantly lower (below ~350 °C) than during 
D2. Field observations and structural analysis of axial surface orientations indicate that D3 
structures formed as a result of east-verging deformation, as F3 folds have a consistent 
eastwards vergence. Although earlier studies report upright or west-verging D3 structures, 
data presented here were collected over a broad area during detailed field-mapping, and 
are more numerous. Therefore, vergence patterns inferred from this study’s data are 
considered more representative. Although the timing of D3 is difficult to constrain, the lack 
of evidence for significant Ar loss or resetting in ca. 126 Ma biotite is taken to reflect cooling 
and exhumation following D3 crustal thickening. This would imply that D3 in the Aishihik 
Lake region is unrelated to the Late Cretaceous deformation of the Kluane schist to the 
west (Israel et al., 2011; Mezger et al., 2001). More detailed work is required to determine 
the regional tectonic configuration during D3/D4. 
Future work 
Several conclusions of this study could be made significantly more robust via 
additional work. Better characterisation of the sedimentary protoliths of mid-crustal rocks 
in southwest Yukon is required, as there is still considerable debate as to whether Yukon 
Tanana terrane, particularly its Snowcap assemblage basement, should be considered a 
single entity. This would probably be accomplished most efficiently using detrital zircon 
 99 
analysis of metasedimentary rocks in the Aishihik Lake region, combined with field 
mapping to better characterise the distribution of different lithologies in the region. 
Observations from this study provide some indication that Permian 
tectonometamorphism affected rocks in the Aishihik Lake region. However, more robust 
data would better constrain the timing of deformation and the P-T conditions during this 
event. Although the identification of early deformation in mid-crustal rocks in Yukon is 
inhibited by low monazite abundance (e.g. Berman et al., 2007), dating the widespread 
garnet present in mid-crustal rocks in the Aishihik Lake region may provide additional 
evidence for pre-Early Jurassic tectonometamorphism.  
It is difficult to determine the boundary between metamorphic assemblages related 
to the intrusion of the Aishihik batholith, and the earlier regional assemblage. It would be 
useful to apply in-situ geochronology and thermodynamic modelling to pelitic rocks in the 
immediate vicinity of the Aishihik batholith, which are most likely to contain assemblages 
that re-equilibrated during the batholith’s emplacement. This would provide for a better 
estimate of pressure during intrusion, which could then be used to more accurately 
distinguish between earlier, high-pressure regional assemblages, and the presumably 
lower-pressure assemblages near the batholith. The characteristics of the earlier regional 
metamorphism could also be more robustly determined by analysing the highly deformed 
and metamorphosed rocks of the Yukon Tanana terrane which crop-out to the north of the 
Aishihik Lake region. 
The timing of D3/D4 events is difficult to determine. This is due largely to the lack 
of metamorphic recrystallisation during D3/D4 and, therefore, the lack of datable minerals. 
The scarcity of suitably aged intrusions, which could provide a more precise age based 
on cross-cutting relationships, also hinders any efforts to constrain the timing of D3/D4. 
Nevertheless, a better understanding of their upper age limit may be accomplished by 
acquiring more 40Ar/39Ar data. In addition, it would probably be insightful to track the 
characteristics and development of structures from the mid-crustal rocks in the Aishihik 
Lake region into the lower grade Takhini assemblage and the Whitehorse trough to the 
east where the ages of deformation may be more easily determined.  
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Results from this study have constrained the timing of pervasive deformation and 
metamorphism exhibited by a significant portion of the Yukon Tanana terrane. However, 
when compared to the conclusions of earlier studies (e.g. Berman et al., 2007; Staples et 
al., 2016) results from this study further demonstrate the diachronous nature of orogenesis 
within the terrane. Therefore, there is still a need for additional data in order to constrain 
the timing and conditions of tectonometamorphism recorded by other parts of the Yukon 
Tanana terrane. Vast tracts of the terrane remains underexplored, and has yet to be 
analysed using modern geochronological and petrological techniques. Recent 
developments in garnet geochronology and quartz-in-garnet thermobarometry represent 
an opportunity to accurately and efficiently obtain P-T-t data. These data, combined with 
regional mapping and microstructural analysis, would provide for a much-improved 
understanding of the tectonometamorphic development of the northern Cordillera in 
Yukon and Alaska.  
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Appendix B.  
 
Zircon geochronology 
Detrital zircon geochronology 
10-SI-169-3 
UTM E368935 N6808161, WGS84 Z. 8.  
 
Concordia diagram for detrital zircon sample 10-SI-169-3 showing data points with 
< 20 counts per second of common Pb. 
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Table 1. LA-ICP-MS U-Pb isotopic analyses of detrital zircons.
N= 106
YGS
10-SI-169-3 207Pb/235U 1s error 206Pb/238U 1s error Rho 207Pb/206Pb 1s error 207Pb/235U 1s error 206Pb/238U 1s error 207Pb/206Pb 1s error U-Pb/Pb-Pb Concordia 2s error MSWD Probability ppm ppm Ratio Net cps
file name Ma Ma Ma Ma Ma Ma ncordancy ( age (Ma) Ma Th232 U238 Th/U 204
jn01a07 1.375879 0.107262 0.074753 0.004125 0.353931 0.133553 0.001051 879 46 465 25 2145 14 22 466 49.48 62.87 0.00 209 1306 0.160 30
jn01a08 4.929736 0.090516 0.313805 0.004757 0.412785 0.113607 0.00071 1807 15 1759 23 1858 11 95 1798 30.07 4.74 0.03 121 179 0.674 15
jn01a09 3.683274 0.052035 0.247411 0.003206 0.458629 0.106691 0.000494 1568 11 1425 17 1744 8 82 1538 22.33 89.13 0.00 193 463 0.417 7
jn01a10 0.937142 0.017071 0.086774 0.001196 0.378187 0.079263 0.000346 671 9 536 7 1179 9 46 571 13.26 207.11 0.00 93 1846 0.051 25
jn01a11 0.7344 0.031378 0.061103 0.001737 0.33269 0.087955 0.000752 559 18 382 11 1381 16 28 398 20.77 85.48 0.00 402 1062 0.378 41
jn01a12 10.15435 0.189128 0.418533 0.006892 0.442057 0.175782 0.000612 2449 17 2254 31 2613 6 86 2431 34.66 48.72 0.00 102 313 0.325 1
jn01a13 7.202133 0.116655 0.366371 0.005044 0.424997 0.141902 0.000619 2137 14 2012 24 2251 8 89 2119 28.69 32.48 0.00 99 301 0.330 -12
jn01a14 0.911028 0.041108 0.077372 0.002871 0.411227 0.085101 0.000445 658 22 480 17 1318 10 36 519 32.74 61.68 0.00 312 1901 0.164 4
jn01a17 2.412677 0.182721 0.165271 0.010771 0.430256 0.103529 0.00066 1246 54 986 60 1688 12 58 1107 101.98 17.38 0.00 258 722 0.358 9
jn01a21 4.337825 0.107004 0.300788 0.005881 0.396329 0.107111 0.000791 1701 20 1695 29 1751 14 97 1699 38.70 0.04 0.85 51 108 0.471 -5
jn01a22 1.093921 0.034508 0.068085 0.001242 0.289247 0.107993 0.00067 750 17 425 7 1766 11 24 430 14.97 302.28 0.00 261 1510 0.173 13
jn01a23 1.197577 0.040324 0.090311 0.002863 0.470682 0.095969 0.000588 799 19 557 17 1547 12 36 622 31.89 157.58 0.00 61 1273 0.048 20
jn01a24 3.84181 0.049638 0.255841 0.003107 0.469911 0.108627 0.000475 1602 10 1469 16 1777 8 83 1579 20.71 86.60 0.00 163 480 0.340 5
jn01a25 1.792369 0.089152 0.108265 0.004173 0.387427 0.118675 0.000738 1043 32 663 24 1936 11 34 702 47.66 110.13 0.00 184 929 0.198 14
jn01a26 3.054629 0.075179 0.20296 0.004378 0.438256 0.107778 0.000527 1421 19 1191 23 1762 9 68 1332 36.65 101.04 0.00 246 644 0.382 23
jn01a27 2.410877 0.125187 0.146103 0.006535 0.430676 0.120551 0.000581 1246 37 879 37 1964 9 45 985 68.15 76.11 0.00 136 646 0.211 9
jn01a28 3.561652 0.2549 0.159046 0.009887 0.434286 0.148197 0.001207 1541 57 951 55 2325 14 41 1025 107.39 75.15 0.00 142 696 0.205 32
jn01a31 0.479253 0.017902 0.038899 0.000685 0.235711 0.094984 0.001015 398 12 246 4 1528 20 16 249 8.48 138.41 0.00 104 1336 0.078 64
jn01a32 4.128047 0.277192 0.18454 0.00976 0.393814 0.146776 0.001238 1660 55 1092 53 2309 14 47 1189 102.11 71.61 0.00 217 646 0.335 14
jn01a33 8.234667 0.127495 0.366981 0.005499 0.483923 0.160863 0.000653 2257 14 2015 26 2465 7 82 2243 28.31 117.06 0.00 179 402 0.445 8
jn01a34 0.89824 0.064566 0.060723 0.003074 0.352097 0.10311 0.001041 651 35 380 19 1681 19 23 390 37.21 53.81 0.00 362 1383 0.262 35
jn01a35 1.554233 0.044714 0.086387 0.002079 0.418313 0.129971 0.000812 952 18 534 12 2098 11 25 548 24.59 449.44 0.00 336 2339 0.143 25
jn01a36 1.702641 0.065022 0.119491 0.003657 0.400716 0.094404 0.000741 1010 24 728 21 1516 15 48 794 39.75 111.27 0.00 131 1398 0.093 52
jn01a37 0.718502 0.018593 0.051971 0.000843 0.313293 0.098951 0.000949 550 11 327 5 1604 18 20 333 10.29 367.05 0.00 218 1383 0.158 59
jn01a38 3.826854 0.049518 0.243654 0.003349 0.53113 0.112805 0.000543 1598 10 1406 17 1845 9 76 1583 21.02 174.93 0.00 177 443 0.399 22
jn01a41 2.759656 0.2086 0.114239 0.008234 0.476747 0.158917 0.00134 1345 56 697 48 2444 14 29 678 95.47 93.30 0.00 49 523 0.093 33
jn01a42 3.198032 0.199567 0.165996 0.007124 0.343886 0.143751 0.001112 1457 48 990 39 2273 13 44 1056 76.25 65.58 0.00 164 868 0.189 13
jn01a43 0.666212 0.010339 0.062879 0.000671 0.343783 0.075561 0.000354 518 6 393 4 1083 9 36 412 7.87 374.13 0.00 652 2380 0.274 16
jn01a44 4.917843 0.135398 0.275231 0.006048 0.399075 0.125573 0.001091 1805 23 1567 31 2037 15 77 1722 45.36 62.04 0.00 69 145 0.477 -7
jn01a45 5.796576 0.236388 0.34249 0.008388 0.300279 0.121787 0.001919 1946 35 1899 40 1983 28 96 1926 61.04 1.10 0.29 30 37 0.824 6
jn01a46 2.283408 0.079836 0.113551 0.004748 0.598017 0.127956 0.001779 1207 25 693 27 2070 24 33 776 53.68 409.65 0.00 88 979 0.089 83
jn01a47 2.397308 0.180218 0.13896 0.007379 0.353206 0.128225 0.001011 1242 54 839 42 2074 14 40 893 81.14 42.03 0.00 118 797 0.148 25
jn01a48 1.752526 0.097101 0.115697 0.005434 0.423878 0.101487 0.000864 1028 36 706 31 1651 16 43 775 59.86 68.00 0.00 304 1053 0.289 35
jn01a51 4.15023 0.217691 0.209472 0.00999 0.454622 0.132205 0.000796 1664 43 1226 53 2127 11 58 1445 89.24 70.70 0.00 101 513 0.197 17
jn01a52 0.982797 0.015163 0.080283 0.001103 0.445222 0.084471 0.000483 695 8 498 7 1303 11 38 546 12.46 610.56 0.00 55 1572 0.035 30
jn01a53 0.733039 0.091413 0.04967 0.002568 0.207286 0.094701 0.001813 558 54 312 16 1522 36 21 314 31.52 17.36 0.00 200 2086 0.096 135
jn01a54 3.637158 0.107555 0.207482 0.004256 0.346853 0.119935 0.00107 1558 24 1215 23 1955 16 62 1325 40.98 149.42 0.00 68 354 0.194 10
jn01a55 1.475822 0.138246 0.099942 0.007337 0.391847 0.104727 0.001012 921 57 614 43 1710 18 36 657 83.67 24.78 0.00 336 959 0.351 14
jn01a56 5.52735 0.146078 0.329013 0.006315 0.363136 0.116933 0.000875 1905 23 1834 31 1910 13 96 1884 42.63 5.35 0.02 96 135 0.710 6
jn01a57 5.968078 0.085241 0.330854 0.004846 0.512788 0.125436 0.000658 1971 12 1843 23 2035 9 91 1969 24.89 41.55 0.00 74 221 0.337 -15
jn01a58 13.46727 0.295196 0.514656 0.01089 0.482675 0.186107 0.001883 2713 21 2676 46 2708 17 99 2714 41.38 0.81 0.37 4 19 0.196 9
jn01a61 4.116313 0.146818 0.269226 0.010371 0.540008 0.116845 0.001117 1658 29 1537 53 1909 17 81 1655 58.38 7.54 0.01 49 542 0.091 54
jn01a62 0.450252 0.013665 0.049101 0.001358 0.455641 0.056 0.000331 377 10 309 8 452 13 68 332 15.32 51.62 0.00 241 2737 0.088 30
jn01a63 1.039997 0.032366 0.087424 0.00179 0.32893 0.085401 0.000504 724 16 540 11 1325 11 41 568 20.52 115.26 0.00 660 1460 0.452 20
jn02a07 3.564533 0.217276 0.226265 0.012437 0.450863 0.106528 0.000632 1542 48 1315 65 1741 11 76 1472 95.97 13.70 0.00 60 706 0.085 -6
jn02a08 4.750113 0.117786 0.318529 0.005977 0.378357 0.105253 0.000772 1776 21 1783 29 1719 13 104 1778 39.10 0.05 0.82 78 145 0.539 -13
jn02a09 1.733544 0.038119 0.130115 0.002526 0.441419 0.092042 0.000452 1021 14 789 14 1468 9 54 881 25.59 223.44 0.00 414 998 0.415 25
jn02a10 0.917623 0.055933 0.06313 0.003054 0.3968 0.101281 0.000754 661 30 395 19 1648 14 24 410 36.77 73.66 0.00 132 1095 0.121 23
jn02a11 2.474257 0.07197 0.15973 0.004198 0.45177 0.106824 0.000549 1265 21 955 23 1746 9 55 1093 40.50 166.28 0.00 604 740 0.817 21
jn02a12 0.524488 0.011244 0.04771 0.000715 0.349618 0.080249 0.000621 428 7 300 4 1203 15 25 314 8.63 282.99 0.00 293 1723 0.170 22
jn02a13 8.067691 0.176542 0.355971 0.006962 0.446883 0.158588 0.000819 2239 20 1963 33 2441 9 80 2198 40.18 86.65 0.00 102 243 0.417 -2
jn02a14 11.50201 0.204733 0.473431 0.006665 0.395483 0.17382 0.000945 2565 17 2499 29 2595 9 96 2557 32.86 5.93 0.01 47 107 0.443 2
jn02a17 5.73107 0.069506 0.237954 0.002681 0.464455 0.167104 0.000638 1936 10 1376 14 2529 6 54 1665 23.13 1796.76 0.00 390 498 0.782 14
jn02a18 9.235716 0.198811 0.380745 0.008588 0.523884 0.166798 0.000825 2362 20 2080 40 2526 8 82 2364 39.36 71.18 0.00 88 336 0.263 14
jn02a19 1.791039 0.068497 0.111322 0.003602 0.422996 0.109696 0.000848 1042 25 680 21 1794 14 38 738 40.51 174.94 0.00 215 793 0.270 23
jn02a20 4.59399 0.081231 0.272319 0.004014 0.416837 0.117471 0.000537 1748 15 1553 20 1918 8 81 1691 28.93 100.68 0.00 177 414 0.428 2
jn02a21 7.945197 0.146249 0.336396 0.006021 0.48619 0.163976 0.000555 2225 17 1869 29 2497 6 75 2188 34.03 203.11 0.00 230 440 0.523 -4
jn02a22 2.7538 0.131051 0.185367 0.007843 0.444521 0.104529 0.000552 1343 35 1096 43 1706 10 64 1236 68.80 34.45 0.00 272 488 0.558 -2
jn02a23 6.061331 0.099965 0.333907 0.004498 0.408437 0.126212 0.000608 1985 14 1857 22 2046 9 91 1958 28.21 38.59 0.00 100 256 0.392 0
jn02a24 0.712123 0.02394 0.064721 0.001552 0.356552 0.078919 0.000515 546 14 404 9 1170 13 35 426 18.18 94.05 0.00 790 1925 0.410 36
jn02a27 3.129497 0.106293 0.206834 0.006207 0.441782 0.103641 0.000513 1440 26 1212 33 1690 9 72 1356 51.13 50.68 0.00 215 629 0.343 4
jn02a28 6.004603 0.210285 0.295012 0.00924 0.447171 0.144263 0.000761 1977 30 1667 46 2279 9 73 1904 62.25 54.66 0.00 152 290 0.525 -10
jn02a29 7.099785 0.114723 0.379474 0.006333 0.516368 0.126939 0.000749 2124 14 2074 30 2056 10 101 2125 28.72 3.95 0.05 72 157 0.460 8
jn02a30 13.80194 0.211627 0.518935 0.00734 0.461252 0.18608 0.000931 2736 15 2695 31 2708 8 100 2736 29.04 2.27 0.13 53 150 0.351 5
jn02a31 10.67306 0.243494 0.447349 0.011092 0.543437 0.169837 0.000874 2495 21 2383 49 2556 9 93 2502 41.70 7.25 0.01 119 284 0.419 -2
jn02a32 10.68354 0.162221 0.451226 0.007042 0.51388 0.169412 0.000815 2496 14 2401 31 2552 8 94 2499 28.04 12.74 0.00 71 171 0.418 -7
jn02a33 4.555552 0.139894 0.297121 0.005258 0.288161 0.114503 0.001208 1741 26 1677 26 1872 19 90 1709 42.05 4.27 0.04 79 121 0.650 5
jn02a34 3.864459 0.126404 0.221024 0.006291 0.435102 0.125445 0.000692 1606 26 1287 33 2035 10 63 1473 52.68 96.17 0.00 134 512 0.262 10
jn02a37 4.509485 0.086628 0.300538 0.006238 0.540271 0.107685 0.000766 1733 16 1694 31 1761 13 96 1733 31.90 2.23 0.14 98 211 0.464 1
jn02a38 3.159959 0.043822 0.214062 0.002675 0.450567 0.105545 0.000481 1447 11 1250 14 1724 8 73 1386 21.03 216.50 0.00 188 578 0.324 16
jn02a39 5.720509 0.110054 0.341445 0.006153 0.468309 0.122297 0.000714 1934 17 1894 30 1990 10 95 1932 33.14 2.43 0.12 81 197 0.410 19
jn02a40 6.527502 0.195149 0.306183 0.006439 0.351706 0.160916 0.00169 2050 26 1722 32 2465 18 70 1896 50.61 92.80 0.00 145 300 0.485 5
jn02a41 6.36329 0.24286 0.277918 0.009468 0.446301 0.164261 0.001012 2027 33 1581 48 2500 10 63 1878 70.71 101.47 0.00 152 434 0.350 9
jn02a42 6.559286 0.23917 0.275067 0.009685 0.482828 0.167882 0.001087 2054 32 1566 49 2537 11 62 1927 68.78 128.16 0.00 140 390 0.360 16
jn02a43 5.232256 0.150252 0.2495 0.006951 0.485066 0.150224 0.000925 1858 24 1436 36 2348 11 61 1740 51.65 175.72 0.00 149 377 0.395 -9
jn02a44 4.104684 0.235981 0.244747 0.01335 0.474379 0.114013 0.000884 1655 47 1411 69 1864 14 76 1601 94.89 15.47 0.00 339 872 0.388 32
jn02a47 0.975985 0.022856 0.087847 0.00174 0.422937 0.080797 0.000458 692 12 543 10 1217 11 45 589 18.99 147.09 0.00 168 1688 0.099 23
jn02a48 6.246944 0.316206 0.32394 0.011806 0.360015 0.147431 0.001148 2011 44 1809 57 2316 13 78 1938 84.47 11.80 0.00 103 130 0.794 11
jn02a49 4.798862 0.097257 0.311389 0.005187 0.410932 0.110873 0.000801 1785 17 1748 25 1814 13 96 1777 32.94 2.37 0.12 97 164 0.591 2
jn02a50 12.94619 0.206641 0.5092 0.007057 0.43411 0.185593 0.001095 2676 15 2653 30 2703 10 98 2675 30.03 0.69 0.41 97 88 1.097 5
jn02a51 4.45487 0.07794 0.29054 0.004387 0.431509 0.111473 0.000515 1723 15 1644 22 1824 8 90 1708 28.40 14.84 0.00 93 330 0.282 -12
jn02a52 5.127749 0.116291 0.299838 0.004996 0.367361 0.119735 0.000931 1841 19 1691 25 1952 14 87 1788 36.31 35.36 0.00 68 204 0.332 -9
jn02a53 2.409937 0.102663 0.154004 0.005748 0.438038 0.11475 0.000597 1246 31 923 32 1876 9 49 1046 57.36 86.64 0.00 103 652 0.158 29
jn02a54 3.859225 0.208841 0.209308 0.009586 0.423162 0.138894 0.000638 1605 44 1225 51 2213 8 55 1403 86.60 51.96 0.00 321 611 0.525 1
jn02a57 2.835565 0.108171 0.154341 0.005199 0.441502 0.1321 0.000594 1365 29 925 29 2126 8 44 1041 54.41 179.39 0.00 208 699 0.298 15
jn02a58 5.256095 0.219687 0.272859 0.010315 0.452228 0.135573 0.000953 1862 36 1555 52 2171 12 72 1783 72.72 41.14 0.00 285 698 0.408 31
jn02a59 3.712318 0.095773 0.200088 0.004801 0.465033 0.131336 0.000721 1574 21 1176 26 2116 10 56 1388 42.56 257.62 0.00 167 481 0.347 11
jn02a60 6.719481 0.247369 0.330369 0.008228 0.338279 0.146748 0.001635 2075 33 1840 40 2308 19 80 1976 61.06 30.55 0.00 51 229 0.223 -4
jn02a61 5.609283 0.12463 0.321325 0.005681 0.397837 0.129312 0.001298 1918 19 1796 28 2089 18 86 1888 37.18 20.76 0.00 385 178 2.162 -4
jn02a62 4.149696 0.081872 0.252416 0.004826 0.484504 0.117929 0.0005 1664 16 1451 25 1925 8 75 1627 32.58 94.72 0.00 187 570 0.327 9
jn02a63 7.3592 0.134862 0.361676 0.006627 0.499961 0.145639 0.000615 2156 16 1990 31 2295 7 87 2152 32.87 38.19 0.00 231 460 0.503 -3
jn02a64 2.609195 0.166843 0.165365 0.010082 0.47673 0.11523 0.000635 1303 47 987 56 1883 10 52 1151 93.57 34.39 0.00 233 430 0.541 15
jn02a67 0.916111 0.022399 0.074132 0.001165 0.321361 0.091618 0.000665 660 12 461 7 1459 14 32 481 13.72 251.41 0.00 148 1732 0.086 6
jn02a68 2.56547 0.084626 0.179622 0.006055 0.510961 0.102659 0.000728 1291 24 1065 33 1673 13 64 1231 48.58 59.82 0.00 282 796 0.354 20
jn02a69 4.624758 0.106137 0.307344 0.005039 0.357203 0.109399 0.001235 1754 19 1728 25 1789 21 97 1746 35.20 1.06 0.30 62 113 0.548 7
jn02a70 5.696273 0.206266 0.321795 0.010917 0.468455 0.127111 0.000871 1931 31 1798 53 2058 12 87 1917 62.64 7.89 0.00 233 710 0.328 17
jn02a71 2.024158 0.044389 0.120135 0.001536 0.291584 0.124941 0.001091 1124 15 731 9 2028 15 36 756 17.48 513.50 0.00 155 1433 0.108 22
jn02a72 5.639948 0.134877 0.306643 0.006535 0.445558 0.133768 0.001231 1922 21 1724 32 2148 16 80 1886 41.35 45.71 0.00 113 221 0.511 9
jn02a73 5.213837 0.100279 0.305742 0.005438 0.462395 0.121802 0.000701 1855 16 1720 27 1983 10 87 1837 32.75 31.82 0.00 166 249 0.667 14
jn02a74 5.46786 0.321333 0.242957 0.011779 0.412478 0.140508 0.002208 1896 50 1402 61 2233 27 63 1620 104.48 60.70 0.00 101 622 0.162 29
jn02a77 2.269675 0.075177 0.160595 0.003939 0.370207 0.103504 0.000746 1203 23 960 22 1688 13 57 1042 39.37 84.15 0.00 162 379 0.426 10
jn02a78 4.409535 0.076758 0.294277 0.004535 0.442687 0.107323 0.000711 1714 14 1663 23 1754 12 95 1706 28.32 6.14 0.01 93 161 0.579 16
jn02a79 5.836075 0.117914 0.348605 0.005883 0.41765 0.121481 0.000807 1952 18 1928 28 1978 12 97 1948 34.26 0.83 0.36 69 142 0.487 8
jn02a80 5.483431 0.31505 0.282024 0.012632 0.389783 0.133942 0.000973 1898 49 1602 64 2150 13 74 1781 97.00 21.49 0.00 77 450 0.171 2
jn02a81 3.211289 0.108832 0.20496 0.005926 0.426583 0.109961 0.000852 1460 26 1202 32 1799 14 67 1348 50.84 66.10 0.00 150 552 0.272 19
jn02a82 4.2755 0.092186 0.276 0.005375 0.451627 0.111685 0.000635 1689 18 1571 27 1827 10 86 1668 35.12 22.57 0.00 114 239 0.478 10
Measured Isotopic Ratios Calculated Ages
(of concordance)
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Igneous zircon geochronology 
11-SI-177-1 
UTME 344327 UTMN 6829650, WGS84 Z. 8 
Six grains dated by CA-TIMS yielded a weighted mean 206Pb/238U date of 258.39 
± 0.08 / 0.27 / 0.38 Ma (MSWD = 1.6). This is the interpreted igneous crystallization age. 
One other grain yielded an older date of 258.69 ± 0.18 Ma. Twenty-three spots were dated 
by LA-ICPMS and yielded a weighted mean 206Pb/238U date of 256.4 ± 1.4 / 2.4 Ma 
(MSWD = 1.3). 
10-EW-195-1  
UTME 363822 UTMN 6803714, WGS84 Z. 8 
Six grains dated by CA-TIMS yielded a weighted mean 206Pb/238U date of 257.27 
± 0.08 / 0.26 / 0.38 Ma (MSWD = 2.2). This is the interpreted igneous crystallization age. 
One other grain yielded a younger date of 255.18 ± 0.17 Ma. 
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Appendix C.  
 
Thermobarometric data 
Bulk rock data from Activation Laboratories 
 
 126 
 127 
 128 
 129 
 130 
 131 
 
 132 
 
Garnet isopleth thermobarometry 
Selected model runs using Matlab routine developed by D. Moynihan, modified by 
E. Kelly. Note that some intput parameters varied slightly, and a Mn cut-off was used when 
the bulk-rock Mn values dropped to near-zero levels.  
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Appendix D.  
 
Monazite geochronology 
This section contains full thin section Mg maps, with the locations of most monazite 
shown on the thin section map, and monazite Y maps. BSE images of monazite after 
SHRIMP analyses are also presented to illustrate the accuracy of spot placement. Note 
that  Y maps were not available for all monazite analysed. 
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Appendix E.  
 
40Ar/39Ar thermochronology 
Detailed methods 
 
Data Table 
Table D.1: 40Ar/39Ar thermochronological data. Obtained from New Mexico Geochronology 
Research Lab. 
ID Power 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 39ArK K/Ca   40Ar*   39Ar    Age   ±1V   
  (Watts)     (x 10-3)   (x 10
-15 
mol)   (%)   (%)   (Ma)   (Ma)   
           
27.02, Biotite, 1.29 mg, J=0.0038997±0.12%, D=1±0, NM-283H,  Lab#=65000-01  
Analytical Methods and Instrumentation
Sample preparation and irradiation: 
Muscovite and bioite prepared by crushing and hand-picking individual grains.
Sample were loaded into machined Al discs and irradiated for 16 hours, USGS TRIGA Reactor, Denver, CO
   in two separate packages (NM-283&NM-284).
Neutron flux monitor Fish Canyon Tuff sanidine (FC-2). Assigned age = 28.201 Ma (Kuiper et al., 2008) 
Instrumentation: 
Thermo-Fisher Scientific Helix MC-Plus mass spectrometer on line with automated all-metal extraction system.
   System = Felix
   Multi-collector configuration: 40Ar-H2, 39Ar-H1, 38Ar-Ax, 37Ar-L1, 36Ar-L2
   Amplification: H2 through L1 all 1E12 Ohm Faraday, L2 - CDD ion counter, deadtime 20 nS.
Laser Step-heating (biotite):
   Samples step-heated (30 second heating) with 55W Photon-Machines diode laser
   Reactive gases removed by 1 min reaction with 1 SAES GP-50 getter operated at 450°C.
   Gas also exposed to cold finger operated at -140°C and a W filament operated at ~2000°C.
Furnace Step-heating (muscovite):
   Samples step-heated (31 minute heating) within double vacuum Nb resistance furnace.
   Reactive gases removed during heating with 1 SAES GP-50 getter operated at 450°C. 
   Additional gas cleanup in second stage followiing heating for 60 seconds with 1 SAES GP-50 getter operated at 450°C.
Analytical parameters: 
Diode laser system sensitivity = 2.5E-16 mol/fA
Furnace system sensitivity = 3.0E-16 mol/fA
Total diode laser system blank and backgrounds for biotite analyses
    8±5%, 0.1±50%, 0.1±50%, 0.4±70%, 0.08±5%, x 10-17  moles for masses 40, 39, 38, 37, 36, respectively.
Total furnace system blank and background: Values varied depending on time between  furnace venting and analysis.
   Sample 30_02:  650±2%, 0.6±40%, 0.6±40%, 0.5±40%, 2.3±3%, x 10-17  moles for masses 40, 39, 38, 37, 36, respectively.
   Sample 50_01:  350±2%, 0.1±200%, 0.6±40%, 0.05±100%, 1.2±8%, x 10-17  moles for masses 40, 39, 38, 37, 36, respectively.
   Sample 31_07:  350±2%, 0.1±200%, 0.6±40%, 0.05±100%, 1.2±8%, x 10-17  moles for masses 40, 39, 38, 37, 36, respectively.
   Sample 27_02:  650±2%, 0.6±40%, 0.6±40%, 0.5±40%, 2.3±3%, x 10-17  moles for masses 40, 39, 38, 37, 36, respectively.
J-factors determined to a precision of ~± 0.01 to 0.1%  by CO2 laser-fusion of 6 single crystals
    from each of 8 radial positions around the irradiation tray. 
 150 
A 0.5 19.92   0.0309 46.48   2.5   16.5   31.0 2.1 43.60  0.45  
B 0.8 21.30   0.0113 10.34   10.0   45.0   85.7 10.7 125.75  0.16  
C 1.0 20.59   0.0063 2.918  11.4   81.4   95.8 20.4 135.65  0.13  
D 1.5 20.47   0.0040 2.506  24.0   127.1   96.4 40.9 135.611 0.071 
E 1.7 19.27   0.0036 1.870  18.6   141.4   97.1 56.8 128.891 0.083 
F 1.9 19.33   0.0033 1.576  13.2   152.5   97.6 68.0 129.90  0.11  
G 2.0 18.76   0.0079 1.509  7.5   64.7   97.6 74.4 126.22  0.17  
H 2.1 18.86   0.0100 1.455  3.9   50.8   97.7 77.7 127.02  0.30  
I 2.5 18.40   0.0023 1.224  8.1   226.0   98.0 84.6 124.39  0.15  
J 3.0 19.33   0.0059 1.888  11.7   86.2   97.1 94.6 129.29  0.12  
K 3.5 17.04   0.0124 0.6235 2.9   41.1   98.9 97.1 116.46  0.37  
M 15.0 19.89   0.0169 4.385  3.4   30.2   93.5 100.0 128.10  0.38  
Integrated age ± 1V n=12  117.2     K2O=8.95% 126.34  0.15  
Plateau ± 1V 
no 
plateau         
           
27_02, Muscovite, 1.82 mg, J=0.0038974±0.03%, D=1±0, NM-283H,  Lab#=65004-02  
A 520 16.86   0.0510 26.85   1.4   10.0   52.9 1.1 62.6   1.5   
B 570 15.29   0.0112 6.543  1.6   45.7   87.4 2.4 92.8   1.3   
C 620 16.76   0.0084 4.416  2.5   60.9   92.2 4.4 107.03  0.85  
D 670 18.93   0.0137 3.631  4.0   37.2   94.3 7.5 123.12  0.53  
E 700 21.18   0.0156 2.778  4.8   32.8   96.1 11.2 139.73  0.45  
F 730 24.87   -0.0005 1.630  15.4         - 98.1 22.9 166.19  0.15  
G 750 25.46   0.0009 0.5568 25.8   583.0   99.4 41.3 172.069 0.093 
H 770 25.32   0.0028 0.7516 13.9   179.8   99.1 50.8 170.81  0.17  
I 780 25.39   -0.0056 1.204  8.9         - 98.6 56.7 170.35  0.25  
J 790 25.45   -0.0004 1.834  6.9         - 97.9 61.2 169.57  0.33  
K 800 25.43   0.0091 2.131  5.0   55.9   97.5 64.4 168.85  0.44  
L 810 25.64   -0.0008 2.764  3.8         - 96.8 66.8 169.02  0.58  
M 820 25.69   0.0108 3.038  3.4   47.2   96.5 69.0 168.81  0.65  
N 840 25.63   0.0076 3.181  3.7   67.3   96.3 71.3 168.16  0.60  
O 860 25.59   -0.0095 3.137  3.8         - 96.4 73.6 167.98  0.57  
P 880 25.81   0.0025 3.372  3.8   205.8   96.1 76.0 168.91  0.58  
Q 900 25.97   -0.0036 3.820  3.9         - 95.7 78.3 169.14  0.58  
R 920 26.21   -0.0111 3.633  3.9         - 95.9 80.7 170.99  0.57  
S 940 26.41   0.0004 3.985  4.0   23086.1 95.5 83.0 171.65  0.56  
T 960 26.78   0.0102 4.585  4.0   49.8   94.9 85.4 172.92  0.55  
U 980 27.11   0.0006 4.817  4.1   895.4   94.7 87.8 174.63  0.55  
V 1000 27.08   0.0064 4.343  5.0   79.4   95.3 90.7 175.29  0.45  
W 1020 27.17   0.0039 3.877  6.7   131.8   95.8 94.5 176.81  0.34  
X 1050 27.21   -0.0027 3.507  7.9         - 96.2 99.0 177.78  0.29  
Y 1090 20.40   0.0703 -23.0833 0.5   7.3   133.5 99.3 184.6   4.1   
Z 1130 22.27   0.0348 -16.3015 0.6   14.7   121.6 99.6 183.7   3.6   
AA 1170 23.95   -0.0583 -8.4293 0.7         - 110.4 100.0 179.5   3.3   
Integrated age ± 1V n=27  150.1     K2O=8.13% 163.694 0.094 
Plateau ± 1V 
no 
plateau         
           
31_07, Biotite, 1.5 mg, J=0.0038983±0.09%, D=1±0, NM-283H,  Lab#=65002-01  
A 0.5 18.16   0.0123 32.41   1.0   41.5   47.2 0.7 60.18  0.79  
B 0.8 20.21   0.0006 4.620  11.6   904.5   93.2 8.9 129.70  0.12  
C 1.0 18.83   -0.0007 0.6457 15.6         - 99.0 19.9 128.354 0.087 
 151 
D 1.5 18.27   0.0000 0.2033 28.8   23086   99.7 40.1 125.501 0.051 
E 1.7 18.19   0.0008 0.2833 25.3   644.4   99.5 57.9 124.825 0.056 
F 1.9 18.41   0.0010 0.1970 20.0   532.5   99.7 72.0 126.466 0.061 
G 2.0 18.15   -0.0011 0.1809 9.7         - 99.7 78.8 124.76  0.13  
H 2.1 17.94   -0.0040 0.1332 4.3         - 99.8 81.8 123.43  0.29  
I 2.5 18.18   -0.0016 0.1453 8.1         - 99.8 87.5 125.01  0.15  
J 3.0 18.32   0.0006 0.1922 11.4   895.6   99.7 95.6 125.87  0.10  
K 3.5 17.81   -0.0008 0.2040 3.9         - 99.7 98.3 122.40  0.28  
O 15.0 18.75   -0.0132 1.328  2.4         - 97.9 100.0 126.49  0.51  
Integrated age ± 1V n=12  141.9     K2O=9.32% 123.72  0.11  
Plateau ± 1V 
no 
plateau         
           
31_07, Muscovite, 1.81 mg, J=0.0039267±0.01%, D=1±0, NM-284D,  Lab#=65088-01 
A 520 23.57   0.0294 47.50   0.9   17.4   40.4 0.7 67.2   3.7   
B 570 17.72   0.0824 19.08   0.9   6.2   68.2 1.3 84.8   3.4   
C 620 20.50   0.0328 15.27   1.3   15.5   78.0 2.3 111.4   2.4   
D 670 20.02   0.0069 8.003  2.3   73.5   88.2 4.0 122.7   1.4   
E 700 22.03   -0.0079 10.30   2.6         - 86.2 6.0 131.6   1.2   
F 720 40.92   0.0070 71.48   3.2   73.1   48.4 8.3 137.0   1.0   
G 730 24.87   0.0032 3.960  5.9   160.7   95.3 12.6 162.83  0.54  
H 740 25.17   0.0010 0.9588 20.4   501.7   98.9 26.9 170.63  0.16  
I 750 24.91   -0.0001 0.6612 17.9         - 99.2 38.8 169.52  0.18  
J 760 24.70   0.0032 0.8844 13.2   159.5   98.9 47.3 167.72  0.25  
K 770 24.60   0.0039 1.046  9.8   130.8   98.7 53.4 166.69  0.33  
L 780 24.46   0.0034 1.265  7.8   150.9   98.5 58.2 165.35  0.41  
M 790 24.45   0.0092 1.370  7.1   55.7   98.3 62.5 165.09  0.45  
N 800 24.39   0.0001 1.644  6.1   3466   98.0 66.1 164.16  0.53  
O 810 24.38   0.0059 1.806  5.5   86.7   97.8 69.4 163.82  0.58  
P 820 24.36   0.0123 2.095  4.7   41.6   97.5 72.1 163.11  0.69  
Q 840 24.34   0.0130 2.162  4.5   39.3   97.4 74.7 162.88  0.72  
R 860 24.35   0.0022 2.377  4.4   230.7   97.1 77.2 162.48  0.74  
S 880 24.29   0.0028 2.715  4.3   180.1   96.7 79.6 161.44  0.74  
T 900 24.60   0.0012 2.966  3.9   416.2   96.4 81.8 162.97  0.82  
U 920 24.68   0.0029 3.340  3.7   176.1   96.0 83.9 162.80  0.87  
V 940 24.96   0.0099 3.348  3.7   51.5   96.0 85.9 164.61  0.86  
W 960 25.21   0.0077 3.460  3.7   66.4   95.9 87.9 166.06  0.86  
X 980 25.40   0.0139 3.219  4.2   36.8   96.3 90.2 167.75  0.76  
Y 1000 25.57   0.0037 2.730  5.2   138.8   96.8 93.0 169.80  0.62  
Z 1020 25.60   0.0041 2.142  6.7   124.7   97.5 96.6 171.18  0.48  
AA 1090 24.96   0.0438 -0.8310 1.2   11.6   101.0 97.2 172.7   2.7   
AB 1130 25.18   0.0030 -0.5037 3.0   169.7   100.6 98.8 173.5   1.1   
AC 1170 25.08   0.0296 -0.6376 2.3   17.2   100.8 100.0 173.1   1.4   
Integrated age ± 1V n=30  160.6     K2O=8.68% 161.38  0.11  
Plateau ± 1V 
no 
plateau         
           
30_02, Biotite, 1.27 mg, J=0.0038974±0.03%, D=1±0, NM-283H,  Lab#=65005-01  
A 0.5 10.84   0.0352 23.33   1.8   14.5   36.4 1.6 27.93  0.37  
B 0.8 20.49   0.0029 10.41   9.8   177.7   85.0 10.5 120.15  0.14  
C 1.0 22.65   0.0011 5.482  11.9   477.6   92.8 21.2 144.15  0.13  
D 1.5 23.88   0.0035 3.929  22.1   146.1   95.1 41.3 155.279 0.082 
 152 
E 1.7 23.50   0.0018 4.103  15.3   282.0   94.8 55.2 152.45  0.11  
F 1.9 23.23   0.0045 4.109  9.8   112.3   94.8 64.1 150.62  0.14  
G 2.0 23.53   0.0072 3.738  6.2   70.8   95.3 69.8 153.34  0.22  
H 2.1 23.41   0.0103 4.011  3.7   49.4   94.9 73.1 152.02  0.37  
I 2.5 23.69   0.0028 3.512  8.4   182.4   95.6 80.7 154.84  0.17  
J 3.0 23.13   0.0056 5.585  7.2   91.1   92.9 87.3 147.13  0.20  
K 3.5 22.28   0.0091 8.067  10.5   56.4   89.3 96.8 136.64  0.14  
L 5.0 24.35   0.0298 4.332  3.5   17.1   94.8 100.0 157.54  0.41  
Integrated age ± 1V n=12  110.2   93.9    K2O=8.55% 143.607 0.061 
Plateau ± 1V 
no 
plateau         
           
30_02, Muscovite, 3.3 mg, J=0.0038976±0.04%, D=1±0, NM-283H,  Lab#=65006-02  
A 520 17.70   0.0348 19.60   2.3   14.7   67.3 1.1 83.01  0.91  
B 570 23.34   0.0204 5.455  2.2   25.0   93.1 2.1 148.77  0.98  
C 620 24.37   0.0056 2.047  4.0   90.9   97.5 4.0 162.12  0.55  
D 670 25.23   0.0092 0.9475 7.1   55.3   98.9 7.2 169.83  0.31  
E 700 25.64   0.0007 0.9452 8.1   708.2   98.9 10.9 172.48  0.28  
F 730 25.88   0.0055 0.9297 10.1   93.0   98.9 15.5 174.11  0.22  
G 750 26.02   0.0018 0.9111 10.8   285.1   99.0 20.2 175.01  0.22  
H 770 26.16   0.0001 0.8754 16.5   3671   99.0 27.3 176.03  0.14  
I 780 26.16   0.0030 0.8293 16.5   172.1   99.1 34.3 176.09  0.14  
J 790 26.19   0.0002 0.8318 15.6   3126   99.1 40.8 176.26  0.15  
K 800 26.23   0.0059 0.9087 15.0   86.6   99.0 46.8 176.39  0.16  
L 810 26.27   0.0006 0.9279 14.8   790.2   99.0 52.6 176.60  0.16  
M 820 26.26   -0.0018 0.8956 15.5         - 99.0 58.6 176.62  0.15  
N 840 26.36   -0.0019 0.9499 17.7         - 98.9 65.3 177.13  0.13  
O 860 26.38   -0.0009 1.161  15.4         - 98.7 70.9 176.89  0.15  
P 880 26.49   -0.0038 1.493  12.5         - 98.3 75.5 176.94  0.19  
Q 900 26.61   0.0012 1.945  9.7   429.1   97.8 78.9 176.88  0.24  
R 920 26.79   -0.0051 2.253  8.2         - 97.5 81.8 177.45  0.28  
S 940 26.79   0.0093 2.500  7.5   54.7   97.2 84.4 177.00  0.30  
T 960 26.99   0.0129 2.736  7.0   39.4   97.0 86.8 177.82  0.33  
U 980 27.00   0.0129 2.687  7.1   39.5   97.1 89.2 178.01  0.32  
V 1000 26.92   0.0082 2.457  8.4   62.4   97.3 92.0 177.91  0.27  
W 1020 26.82   0.0083 1.960  10.0   61.7   97.8 95.4 178.24  0.23  
X 1050 26.93   0.0221 1.988  10.9   23.1   97.8 99.0 178.88  0.21  
Y 1090 22.64   0.0015 -12.7825 1.0   346.6   116.7 99.3 179.3   2.1   
Z 1130 23.44   0.0209 -9.7924 1.1   24.4   112.4 99.7 178.8   2.0   
AA 1170 25.74   0.0507 -4.3836 1.0   10.1   105.1 100.0 183.4   2.2   
Integrated age ± 1V n=27  256.2     K2O=7.65% 172.646 0.081 
Plateau ± 1V 
no 
plateau         
           
50_01, Muscovite, 5.07 mg, J=0.0039265±0.01%, D=1±0, NM-284D,  Lab#=65089-01  
A 520 29.95   0.0286 51.67   2.0   17.8   49.0 0.5 102.5   1.6   
B 570 21.37   0.0246 14.30   2.4   20.8   80.2 1.1 119.2   1.3   
C 620 22.23   0.0105 10.19   4.4   48.6   86.5 2.2 133.15  0.72  
D 670 23.16   0.0033 8.097  8.5   153.8   89.7 4.3 143.44  0.38  
E 700 25.40   0.0028 8.495  11.4   181.6   90.1 7.1 157.50  0.29  
F 730 26.06   0.0016 3.392  35.9   316.4   96.2 15.7 171.730 0.097 
G 750 25.74   0.0006 0.6740 85.9   844.0   99.2 35.4 174.881 0.043 
 153 
H 760 25.61   0.0001 0.5596 53.1   4791   99.4 47.0 174.270 0.066 
I 770 25.57   0.0007 0.6487 38.0   696.7   99.3 54.9 173.812 0.092 
J 780 25.54   0.0022 0.7553 31.2   235.6   99.1 61.3 173.46  0.11  
K 790 25.55   0.0016 0.9282 24.7   311.6   98.9 66.2 173.15  0.13  
L 800 25.61   0.0015 1.161  19.1   333.3   98.7 70.0 173.09  0.17  
M 810 25.62   0.0012 1.386  15.4   436.3   98.4 73.0 172.74  0.21  
N 820 25.70   0.0045 1.721  12.5   112.3   98.0 75.4 172.64  0.27  
O 840 25.63   0.0009 1.812  13.1   551.0   97.9 77.9 171.97  0.25  
P 860 25.65   -0.0011 2.069  12.0         - 97.6 80.1 171.61  0.27  
Q 880 25.67   0.0015 2.342  10.9   339.1   97.3 82.2 171.22  0.30  
R 900 25.70   0.0010 2.563  10.5   532.9   97.1 84.1 171.01  0.31  
S 920 25.86   0.0006 2.673  10.2   785.9   96.9 86.0 171.82  0.32  
T 940 26.09   0.0034 2.894  9.7   149.9   96.7 87.8 172.92  0.34  
U 960 26.24   0.0056 2.914  9.4   91.6   96.7 89.5 173.85  0.35  
V 980 26.36   0.0050 3.032  9.7   102.5   96.6 91.2 174.42  0.33  
W 1000 26.42   0.0038 2.662  12.6   135.5   97.0 93.5 175.49  0.26  
X 1020 26.33   0.0058 2.081  16.1   88.1   97.7 96.3 176.01  0.20  
Y 1050 26.80   0.0076 3.302  10.4   67.1   96.4 98.2 176.73  0.31  
Z 1090 27.22   0.0126 4.568  7.4   40.5   95.0 99.5 177.05  0.43  
AA 1130 29.64   0.0548 12.10   3.0   9.3   87.9 100.0 178.3   1.1   
Integrated age ± 1V n=27  479.4     K2O=9.25% 169.409 0.040 
Plateau ± 1V 
no 
plateau         
           
           
Notes:                   
Isotopic ratios corrected for blank, radioactive decay, and mass discrimination, not corrected for interfering reactions. 
Errors quoted for individual analyses include analytical error only, without interfering reaction or J uncertainties. 
Integrated age calculated by summing isotopic measurements of all steps.    
Integrated age error calculated by quadratically combining errors of isotopic measurements of all steps. 
Isotopic abundances after Steiger and Jäger (1977).      
Weight percent K2O calculated from 39Ar signal, sample weight, and instrument sensitivity.  
Ages calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard at  28.201 Ma. 
Decay Constant (λK (total)) =  5.463e-10/a (Kuiper et al., 2008)     
Correction factors:         
    (39Ar/37Ar)Ca = 0.0006946 ± 1.7e-05       
    (36Ar/37Ar)Ca = 0.0002606 ± 0        
    (38Ar/39Ar)K = 0.01261        
    (40Ar/39Ar)K = 0.007531 ± 0.000105             
 
